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INTRODUCTION 

The U.S. Department of Energy (DOE) precommercial activities in the 
1970's and early 1980's established the commercial viability of 
direct coal liquefaction from a technical point of view. In the 
early 198O's, the direct liquefaction program was reoriented toward 
longer range process research and development activities with the 
objective of developing improved, lower cost technology. 
The DOE development program since then has made substantial and 
significant improvements in the process technology. Liquid yields 
have been improved by over 30 percent. On a balanced commercial 
plant basis, this translates to a production of about 3.3 barrels 
of liquids per ton of coal for the improved technology compared to 
2.5 barrels for the technologies developed in the 1970's. 
The quality of the coal-derived distillates produced by the current 
technology has been substantially improved, but at the expenses of 
increased consumption of the upgrading catalyst. AS a result, the 
currently produced liquids are of much higher quality than 
petroleum crudes in general. Other technology improvements include 
less severe operating conditions which favorably impact 
construction costs, operability and maintenance: and improved 
product slate flexibility, which allows greater freedom in 
producing products for specific market applications. 

As a consequence of these improvements in technology, substantial 
cost reduction has been achieved. Current two-stage technology 
demonstrated at the Wilsonville, Alabama proof-of-concept (POC) 
facility gave estimated product costs at about $38-40 per barrel. 
Because of improved quality, these products would be competitive 
with crude oil at about $33-35 per barrel. 

Supporting and exploratory research made critical contributions in 
some area of process development, e.g. by providing process 
analysis data leading to improved process operation and 
performance. F.Burke and coworkers at the Consolidation Coal R&D 
Division have done an excellent analytical and process evaluation 
work in this area. Similarly, D. Gray and the MITRE Corporation 
team provided valuable process economic information for comparative 
processes evaluation. To be noted, both activities are crosscutting 
in that they contribute to all DOE-supported processes under 
development. In addition, both supporting activities, through many 
years of experience and close cooperation between them and with the 
contractors working in process development, have reached a high 
degree of sophistication in various aspects of process evaluation 
so that, presently, they are capable of offering valuable research 
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guidance for the evaluation of novel research activities in coal 
liquefaction. 

FOI more than a decade DOE has encouraged the generation of an 
extensive analytical and economic data bank on coal liquefaction 
processes and on related research activities, with the specific 
provision that the data and the ensuing process evaluation would be 
developed by competent sources independently from the actual 
process developers and from individual researchers. 
Presently, we continue to pursue this endeavor by expanding the 
"teaming arrangement" promoted by Consolidation Coal and MITRE, and 
to support a similar "teaming" effort by A. Davis at Penn State 
University to establish an analytical data bank in support of the 
determination of the mechanisms and the kinetics of the rapid 
changes occurring in dispersed catalyst composition during the 
initial stages of liquefaction. 

Consequently, we appear on the way to being prepared 
organizationally for the challenge presented to us in integrating 
into the current processing schemes the discoveries of present and 
future research and development studies. 

PROGRAM OBJECTIVES/DIRECTION 

In line with the current environmental and energy shortage concerns 
and with the effort to sustain coal as a viable option in 
competition with other energy sources, the main objective of the 
DOE'S direct coal liquefaction current program is to develop the 
technology for the production of specification liquid fuels at a 
cost competitive with crude oil, within the next 5 to 7 years. 

More specifically, the program calls for a proof-of concept 
demonstration, by 1997, of a system capable of producing liquid 
fuels from coal which complies with environmental requirements at 
cost of less than $30 per barrel o f  oil equivalent and with lower 
greenhouse gas emissions than those from 1980 state-of-the-art coal 
liquefaction technology, or comparable to petroleum-based systems, 
and are suitable to be blended with petroleum stocks to produce 
and, perhaps, enhance the quality of reformulated gasoline, jet 
fuel and other high quality liquid transportation fuels. 

The key issue is the integration of coal-derived liquids into 
existing petroleum refining systems which would require no major 
modifications to the fuel distribution and storage infrastructure 
which currently exists. 

In the evaluation and planning of present and future research and 
development activities, we need to provide answers to two important 
questions: HOW should the present activities in the fundamental and 
applied research at the university and national laboratory level be 
changed in order that the remaining scientific and technical 
challenges can be addressed? And, what are the most important 
feedback information that the process developers and process 
evaluation teams can provide to the scientific community in order 
to evidence the most compelling research and development needs to 
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Overcome the current challenges and provide a better understanding 
of the reactions involved in coal liquefaction? 

The first step is the recognition that all of the knowledge in this 
field does not and cannot reside in a single discipline. We need 
to support in a substantive way a policy of multi-disciplinary 
research teamwork and to further encourage cooperative efforts 
between the fundamental and applied research and bench scale 
development of integrated process activities. 

The excellent study done by a panel group on research needs 
assessment for coal liquefaction (COLIRN), headed by H.D. 
Schindler, and sponsored by the DOE Office of Energy Research, 
Office of Program Analysis, resulted in a publication' which 
provided important recommendations to be implemented by the 
fundamental and applied researchers in this field. The 
recommendations were reviewed and approved by the representatives 
of DOE Office of Fossil Energy, with some reservations about the 
usefulness of chemical pretreatments in the overall liquefaction 
processing scheme and the use of novel catalysts prior to gain a 
better understanding of the mechanism and the kinetics involved in 
the initial stages of coal liquefaction. 

We agree with the conclusion of the COLIRN panel which has 
challenged the conventional view of the chemistry and the 
mechanisms of direct liquefaction--that the initial reactions of 
liquefaction involve thermal homolytic bond cleavage with 
stabilization of the free radicals formed-- and is being replaced 
by the recent work on a deeper understanding of bond-breaking and 
bond-forming processes via hydrogen transfer. This new model of 
coal depolymerization may explain the cleavage of bonds which are 
too strong to be broken thermally at liquefaction conditions. 

The COLIRN panel agreed that these new understandings of structure 
and mechanisms are expected to lead to more efficient liquefaction 
processes, which, eventually, need to be developed before coal 
liquefaction can be commercialized. 

In particular, the panel placed the highest priority on identifying 
the coal structures responsible f o r  retrograde reactions and the 
reaction mechanisms and kinetics of these reactions. The panel also 
placed high priority on developing a coal structure-reactivity 
relationship, develop kinetic models of liquefaction, and develop 
intrinsic quantitative rate expressions as a basis for 
understanding initial reaction paths during coal dissolution. 

Among the remaining recommendations the panel scored lower priority 
for the study on catalytic hydrogenation and cracking functions 
mechanism to establish their interaction and to determine the 
effects of thermal reaction on these functions. However, current 
data from the Wilsonville POC unit2 indicate that the 
thermal/catalytic staged liquefaction mode gives substantially 
higher Coal conversion than the catalytic/thermal mode, and this 
fact is mistfying process evaluators and, as a consequence, a 
better understanding of the contribution and of the reaction 
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mechanisms attributed to the thermal and catalytic functions would 
certainly require a much higher research priority because it is 
quite evident that our knowledge in this important area is indeed 
insufficient. 

CONCLUSIVE REMARKS 

The current advanced research program needs to be reoriented to 
follow more closely the recommendations of the COLIRN panel and the 
direction suggested by the process development program, which 
require a clearer understanding of the initial reaction paths, 
particularly the reactions involved in the preconversion step and 
those of the attendant catalyst deactivation mechanism. The 
acquisition of this knowledge should lead to substantially more 
efficient liquefaction processes. 

According to J. Larsen3 there are three areas which are crucial to 
our state of knowledge in coal processing: coal structure, coal as 
reaction environment, and which reactions are actually occurring in 
coals. 

We agree with J. Larsen that our knowledge in all three areas is 
sufficiently uncertain to make extrapolation from routine model 
compound studies to coals quite unreliable. And we need to add that 
similar extrapolation unreliabilities exist for the current 
catalyst studies and applications, solvent extraction, alkylation, 
pyrolysis, chemical pretreatment, water supported reactions and 
many other approaches fashionable in past and present advanced 
research activities because they suffer from the same lack of 
fundamental knowledge of coal structure, reaction mechanisms and 
kinetics to make them viable for further scaleup consideration. 

The process development activities is also at crucial turning point 
because we are finding that coal derived materials, such as resids 
and the quality of the solvent, which are used in the recycle 
stream, exhibit larger beneficial effects in coal liquefaction than 
the comparison of novyl catalyst formulation versus existing 
commercial catalysts. 

Consequently, the commitment of DOE to develop the technology for 
the production of specification liquid fuels from coal, at a cost 
competitive with crude oil, within the next 5 to 7 years, will 
require a reorientation of the advanced research program, increases 
in both scope and pace of the fundamental and applied research 
effort, perhaps by teaming arrangements with the process 
development and process evaluation programs, to produce a timely 
resolution of the technical issues in order to meet the 
requirements dictated by the current and perhaps more restrictive 
future environmental and economic constrains for coal derived 
liquid fuels. 

436 

I 
L 



If a strong and clear message should be given to the participants 
Of this "Symposium on Coal Reaction Mechanism", from the content of 
this brief overview, it would sound like a mimic of the famous 
message contained in the inaugural address of the late president of 
the U.S., J.F. Kennedy: 

"Ask not,what you can do for coal processing", 
"Ask, first, what coal structure/reactions can do for you". 
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ABSTRACT 

The solubility classes obtained from the thermal liquefaction of 69 high volatile bituminous 
US. coals using a single residence time and three reaction temperatures were combined 
into the following lumped parameters for examination of the data: (a) oils plus gases, (b) 
asphaltenes plus preasphaltenes, and (c) IOM (insoluble organic matter). The lumped 
parameters were plotted on a Wei-Prater diagram and the resulting graph suggested a 
common liquefaction pathway for these coals. The thermal pathway was verified using a 
single Western Kentucky #6 coal and a number of residence times and reaction 
temperatures. The utilization of a number of catalysts and solvents with different hydrogen 
donor abilities did not change the pathway observed thermally. The effect of coal rank 
was studied using a Wyodak subbituminous coal. The thermal pathway defined by the 
liquefaction of the Wyodak coal was substantially different from the pathway defined by the 
bituminous coals. Addition of a catalyst did not alter the observed pathway defined 
thermally for this coal. 

INTRODUCTION 

Historically, lumped parameter kinetic models have been used successfully to describe 
industrially significant complex processes such as catalytic cracking', catalytic reforming', 
addition polymerization', and condensation polymerization3. Not surprisingly, the same 
approach has been used in the description of the various liquefaction A 
physically realistic and technically viable lumped parameter kinetic model for liquefaction 
would be of considerable value in the development of pathways, mechanisms and the 
scale-up of liquefaction processes. 

In this work, the typical solubility classes obtained from the liquefaction products were 
lumped into the following parameters: (a) oils plus gases (O+G), (b) asphaltenes plus 
preasphaltenes (A+P), and (c) IOM (insoluble organic matter). The three lumped 
parameters were plotted on a Wei-Prater diagram (triangle graph) for interpretation. The 
resulting data suggested a common thermal liquefaction pathway. The effects of catalyst, 
solvent quality and coal rank are discussed. 

EXPERIMENTAL 

The description and range of values of the key coal properties of the 69 high volatile 
bituminous coals used in the initial work are given in Table 1. It should be noted that all of 
these coals have 2 80 vol. % vitrinite (dmmf) concentrations. The analyses of the three 
Coals (W.Ky. #6, W.Ky.#9 and Wyodak) which were extensively studied are given in Table 
2. 
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All Of the liquefaction experiments were performed in 50 mL batch microautoclaves using a 
hydrogen atmosphere. Details of the liquefaction procedure and solubility class alalysis of 
the products are given in detail elsewhere6. 

The quantity of catalyst added to the 59 of dry coal were as follows: (a) Shell 324 ( lg), (b) 
molybdenum naphthenate,(lg), (c) Fe,O, (.lg), (d) Fe,O,.SO,' (.lg), (e) SnCI2.2H2O 
(.25g), and (f) ZnCI, (.25g). All of the catalysts, with the exception of Shell 324, were 
sulfided &si& by adding twice the stoichiometric amount of dimethyldisulfide required to 
sulfide the metal to the reactor. The Shell 324 catalyst was presulfided with 
dimethyldisulfide prior to the addition of coal and liquefaction solvent. 

RESULTS AND DISCUSSION 

The thermal liquefaction data obtained for the 69 high volatile bituminous coals using a 15 
minute residence time and three reaction temperatures (385'C. 427OC. 445OC) are shown in 
Figure 1. The data suggest a common liquefaction pathway for these coals. A single 
bituminous coal (W.Ky. #6) was selected to verify the suggested pathway. Liquefaction 
conditions were selected to produce a series of conversion levels which would define the 
pathway of the coal from a minimum conversion level to a maximum conversion level. The 
results of these experiments are shown in Figure 2. 

As can be seen in Figure 2, the thermal pathway of the Western Kentucky #6 coal over the 
entire range of conversions is identical to that suggested in Figure 1 for the diverse set of 
coals. In the initial stage of dissolution, the primary reaction is the conversion of coal (IOM) 
to the A+P intermediate. In this region of the pathway, the conversions show a positive 
linear correlation with the A+P yields. It is also observed in this region of the pathway that 
the O+G yields remain relatively constant. The pathway changes in the region of 
maximum conversion (and A+P yield). In this section of the pathway, the primary reaction 
taking place is in the conversion of the intermediate, A+P, to the final product O+G. 
During this stage of the liquefaction pathway, conversion remains relatively constant. At 
the highest reaction temperature (445OC) and long residence times (> 15 min.), the 
pathway appears to change. In this region, conversion, A+P and O+G yields concurrently 
decrease, indicating,the possibility that retrograde reactions are predominant. The results 
of these experiments suggest that the high volatile bituminous coals studied in this work 
have a common thermal liquefaction pathway. 

The liquefaction pathway defined by these coals indicates that a maximum in the 
intermediate yields (A+P) must be achieved prior to an increase in the O+G yields. It is 
desirable to alter the pathway in such a manner that the O+G yields increases with 
increase in coal conversion. A number of catalysts were studied to determine if the added 
catalyst effect the selectivity defined by these reactions and thus change the pathway. The 
catalytic pathway is compared to the thermal pathway using the Western Kentucky #6 coal 
and two iron based catalysts in Figure 3. As can be seen, the addition of these catalysts 
had no effect on the observed thermal pathway. Identical experiments employing a 
supported catalyst (Shell 324), an oil soluble catalyst precursor (molybdenum naphthenate) 
and two acid catalysts (ZnCI, and SnCI,. 2H,O) also produced the same pathway that was 
observed for the thermal experiments. Therefore, the effect of catalyst addition is to 
increase the rate of production of the intermediate, A+P. The addition of catalysts has no 
effect on the selectivity defined by the solubility classes. 

' 
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The effectiveness of a catalyst may be influenced by the quality of the liquefaction solvent'. 
To determine the effect of solvent quality, as measured by hydrogen donor ability, a series 
of exp&iments (catalytic and thermal) were conducted using a Western Kentucky #9 coal 
and a donor (tetralin) and a non-donor (1-methylnaphthalene). The results of these 
experiments are shown in Figure 4. As can be seen, these data show that no change was 
observed in the liquefaction pathway. Additional experiments which used a mixture of 
phenanthrene and hydrogenated phenanthrenes as the liquefaction solvent defined the 
same pathway described above. 

The next task in this investigation was to determine if the catalytic and thermal pathways of 
low rank coals were the same as that defined by the high volatile bituminous coals. A 
Wyodak subbituminous coal was chosen for the initial thermal and catalytic (Fe,O,, 
molybdenum naphthenate) experiments. The pathways obtained from the liquefaction of 
the Wyodak coal are shown in Figure 5. Clearly, the thermal and catalytic pathway are , 
also identical for this coal. However, the pathway for the subbituminous coal is 
substantially different from the pathway defined by the bituminous coals. Similar to the 
pathway of the bituminous coal, there are two regions in the pathway of the subbituminous 
coal. During the initial coal dissolution stage, both the A+P and O+G yield increase with 
increasing coal conversion. The second region of this pathway is similar to that of the 
bituminous coal. Here the coal conversion increases minimally and the major reaction is 
the conversion of A+P to O+G. On the basis of these solubility class data, the 
subbituminous coal has an improved catalytic and thermal pathway when compared to that 
of the bituminous coals studied due to the concurrent increase in O+G yields with coal 
conversion. 

CONCLUSIONS 

The utilization of lumped solubility class parameters and the Wei-Prater diagram have 
shown that the bituminous coals studied have a common thermal liquefaction pathway. 
Attempts to change the observed pathway using a number of catalysts and liquefaction 
solvents were not successful. The role of the catalyst in this work is to increase the rates 
of the defined reactions. The catalyst provided no selectivity to the production of the final 
products, O+G. 

The pathway defined by a subbituminous Wyodak coal was substantially different from the 
pathway of the bituminous coals. The major difference was the parallel increase in A+P 
and O+G yields with the increase in coal conversion. Similar to the bituminous coal data, 
addition of catalysts had no effect on the Wyodak thermally defined pathway. 
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Table 1 

Make-up of 'Sample Set and Range of Key Properties 

A. Distribution of Samples by State: 6. Distribution by ASTM Rank Classification: 

Kentucky 36 
Indiana 22 
Ohio 10 
West Virginia 1 

High volatile bituminous A, 6, C 

C. Ranges of Key Properties 

Wt.% Wt.% wt.% Wt.% Wt.% VOl.% 
V.M.(dafl c(dafl Total S.(dafl Orq.S.(dafl Pvr.S.(dafl Vitrinite(dmmfl % max 

Minimum 34.27 76.04 .70 .55 .03 80.06 ,388 
Maximum 48.34 86.48 13.78 4.72 8.87 92.70 ,984 
Mean 43.15 80.67 4.15 2.25 1.70 86.78 ,606 

Table 2 

Coal Analyses 

W.Kv. #6 W.Kv. #9 Wvodak 

Ultimate fwt.%. daf) 

Carbon 82.87 76.80 71.02 
Hydrogen 5.42 5.41 5.42 
Nitrogen 1.72 I .90 1.37 
Sulfur 5.1 5 8.41 1 .oo 
Oxygen' 4.84 7.40 21.29 

Reflectance (R, .77 .54 _ _ _ _  

1 By difference 
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INTRODUCTION 

1 iquefact ion,  residue microscopy, ca ta l ys i s  

Reflectance cha rac te r i s t i cs  o f  v i  t r i n i  te-der i  ved residues from coal 
l i q u e f a c t i o n  provide a measure o f  t he  response o f  coals t o  react ion condi t ions (1- 
3 ) .  The presence o f  a low-ref lect ing primary v i t r o p l a s t  (4,5), an i s o t r o p i c  
p i t c h - l i k e  mater ia l  formed by simple mel t ing o f  v i t r i n i t e ,  ind icates t h a t  
depolymerization react  ions were incomplete. Low-ref 1 ec t i ng  secondary v i  t r o p l  as t  
(5), formed by p r e c i p i t a t i o n  from the so lub i l i zed  products, suggests t h a t  t he  coal 
had been a t  l eas t  p a r t i a l l y  hydrogenated. High-ref lect ing v i t r o p l a s t  or v i t r i n i t e  
residue ind icates t h a t  condensation reactions had predominated. 
together o f  t he  l a s t  two o f  these residue types ind icates t h a t  hydrogenation and 
condensation have been l o c a l l y  competing reactions fo l l ow ing  thermolysis. 

This paper discusses the use o f  residue microscopy i n  evaluating the  
i n f l uence  o f  a dispersed molybdenum ca ta l ys t ,  o f  reactor  atmosphere, o f  a 
pretreatment stage and o f  coal rank i n  bench-scale 1 iquefact ion experiments. 

EXPERIMENTAL 

The presence 

The fou r  coals used i n  t h i s  study ( l i g ,  subs, hvC and hvA bituminous) were 
obtained from the  Penn State Coal Sample Bank. 
are l i s t e d  i n  Table 1. 

Some o f  t h e i r  re levant  p roper t i es  

Hydrogenation react ions were performed, mostly wi thout  a solvent veh ic le  
(i .e., dry) ,  i n  batch s ta in less-s tee l  tube reactors (approx. 25 cm3 capaci ty)  (6, 
7) .  Approximately 5 g o f  coal (-60 mesh U.S. sieve s ize)  were charged t o  the 
reactor  f o r  t he  dry runs. For hydrogenations conducted w i t h  added solvent, 2.5 g 
o f  coal and 5 g o f  so lvent  were used. I f  ca ta l ys t  was present (as 1% su l f i ded  Mo 
on dmmf coal ) ,  a s to ich iometr ic  amount o f  CS, was added t o  ensure t h a t  enough 
ava i l ab le  s u l f u r  was present t o  convert the metal t o  i t s  s u l f i d e  form. 
assumption was made t h a t  ammonium tetrathiomolybdate (ATM) would convert e n t i r e l y  
t o  MoS,. 
coal, and reference t o  the  me tas tab i l i t y  o f  t h i s  ca ta l ys t  precursor are described 
elsewhere (8, 9). 

The loaded reactor  was purged o f  a i r  w i t h  n i t rogen and then purged th ree  
times w i t h  the  desired gas (hydrogen o r  nitrogen) before f i n a l l y  being pressurized 

The 

The procedure employed f o r  preparing the ATM and d ispers ing it on the  
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t o  7 MPa co ld  pressure. 
cm a t  about 200 cyc les per minute by an e l e c t r i c a l l y  d r i ven  cam system whi le  t h e  
reactor  was immersed i n  a preheated, f l u i d i z e d  sandbath. A f t e r  reac t i on  f o r  t h e  
desired time, the reac to r  was removed from the sandbath and quenched t o  room 
temperature by immersion i n  co ld  water. F i rs t -s tage react ions were conducted a t  
275"C, and t h e  second stage a t  425"C, both f o r  30 min. 

The reactor  contents were agi ta ted v e r t i c a l l y  through 2.5 

In between t h e  steps o f  the temperature-staged l i q u e f a c t i o n  experiments, t he  
reactor  was quenched and t h e  gaseous products vented. 
repressurized w i t h  7 MPa hydrogen and react ion was continued a t  t he  h igher  
temperature. 
t he  hydrogen p a r t i a l  pressure. 

reactors were used for microscopy. 
remaining l i q u e f a c t i o n  products washed out and ext racted w i t h  te t rahydrofuran 
(THF) t o  determine percent conversion. 

The reactor  was then 

This procedure was adopted t o  circumvent the p o s s i b i l i t y  o f  l i m i t i n g  

L iquefact ion experiments were done i n  dupl icate.  The products o f  one o f  t he  
The second reactor  was vented and t h e  

RESULTS AND DISCUSSION 

Non-Catal y t  i c Reactions 

stage has been shown t o  have a profound e f f e c t  on conversion and product 
s e l e c t i v i t y ,  p a r t i c u l a r l y  where cata lysts  are employed i n  the react ion (1). 
Consequently, some de ta i l ed  microscopy was performed on residues t h a t  represent 
pretreatment condi t ions alone. Three o f  the coals which had been reacted a t  275OC 
(PSOC-1482, 1401 and 1504) under d i f f e r e n t  atmospheres were evaluated t o  determine 
whether the re  had been any d iscern ib le  changes i n  the  s t ruc tu re  o f  t he  reacted 
coal. 

Preceding a coa l  l i que fac t i on  react ion w i t h  a low-temperature pretreatment 

Fol lowing pretreatment ( f i r s t  stage) condi t ions the  l i g n i t e  and subbituminous 
coals showed almost no microscopic evidence o f  change i n  the coal s t ruc tu re  other  
than some separat ion o f  coal p a r t i c l e s  along bedding planes. I t i s  important t o  
note t h a t  t he  v i t r i n i t e / h u m i n i t e  macerals showed no r ims o f  low ref lectance t h a t  
would s i g n i f y  tha t  hydrogenation has proceeded v i a  a she l l  progressive mechanism. 
Also, there was no evidence o f  maceral d e v o l a t i l i z a t i o n  or t he  onset o f  f l u i d i t y  
t ha t  would he lp t o  exp la in  the  improved conversion and product s e l e c t i v i t y  t h a t  
occurs when a low-temperature pretreatment i s  employed p r i o r  t o  reac t i on  under 
f u l l  l i q u e f a c t i o n  condi t ions.  Maximum ref lectance values were measured f o r  a 
se lect ion o f  residues from pretreated coals and are presented i n  F igure 1. 
Compared t o  t h e  re f l ec tance  o f  the feed coal, l i t t l e  change was observed fo l l ow ing  
pretreatment. 
increase. 
n i t rogen atmosphere was employed during the react ion (Table 2). 

and hydrogen was found f o r  t he  higher temperature and temperature-staged 
experiments (Table 2).- This i s  somewhat su rp r i s ing  g iven the f a c t  t h a t  the best 
conversion was observed f o r  t he  temperature-staged reac t i on  o f  t he  bituminous coal 
i n  a hydrogen environment. 

Only i n  the case o f  the subbituminous coal was there a s i g n i f i c a n t  
These general re la t ionships are consis tent  whether a hydrogen or a 

The same s i m i l a r i t y  between ref lectances o f  residues from runs i n  n i t rogen 

These observations suggest t h a t  t h e  ref lectance 
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increase of v i t r i n i t e - d e r i v e d  res idual  mater ia l  from runs made i n  the  absence o f  a 
solvent may be more re la ted  t o  the maximum temperature employed i n  the  reac t i on  
than t o  the reactant gas. 

Major changes i n  the appearance and op t i ca l  proper t ies o f  residues were 
observed fo l lowing the high-temperature (425OC) and temperature-staged react ions.  
For the most pa r t  the l i p t i n i t e  macerals had been converted and were no longer 
present i n  the residues. 
predominant components found i n  residues o f  t he  l i g n i t e  (PSOC-1482) and 
subbituminous (PSOC-1401) coals, whereas v i t r o p l a s t  was the  dominant component 
found i n  residues from the hvCb (PSOC-1498) and hvAb (PSOC-1504) coals. 
maximum ref lectances o f  these residue components were g rea t l y  increased over those 
o f  the o r i g i n a l  coal. Fig. 1 compares the trends i n  re f lectance f o r  t h e  d i f f e r e n t  
hydrogenation condi t ions and coals used dur ing t h i s  pro ject .  
ranks, temperature-staged residues have a higher re f lectance than t h e  single-stage 
high-temperature 1 iquefact ion residues. 
staged compared t o  high-temperature reactions f o r  t he  hvC and A bituminous coals. 
I f  higher re f lectance i s  i nd i ca t i ve  o f  a greater degree o f  molecular condensation, 
then these data suggest t h a t  t he  lower rank coals have a greater  tendency t o  
condense under temperature-staged, dry, non-catalyt ic l i q u e f a c t i o n  than the 
conventional high-temperature 1 iquefaction. 
therefore a lower degree o f  molecular condensation under temperature-staged 
condit ions, i s  seen i n  the residues from the  higher rank coals. 
re f lectance values measured f o r  both the temperature-staged and high-temperature 
residues o f  PSOC-1498 are somewhat low compared t o  the  other  coals (Fig. 1). We 
suspect t h a t  t he  maximum temperature (425'C) used f o r  l i que fac t i on  o f  t h i s  hvCb 
coal may be too  low t o  be optimal. 
a l so  supports t h i s  conclusion, averaging 21% compared t o  34% conversion f o r  t he  
other  coals. 

H u m i n i t e h i t r i n i t e  remnants and v i t r o p l a s t  were t h e  

The 

For lower coal 

Reflectance i s  lower f o r  temperature- 

The reversal o f  t h i s  tendency, and 

F i n a l l y ,  t h e  

Conversion y i e l d  f o r  t h i s  coal (PSOC-1498) 

Analysis o f  Extracted Residues t o  Determine Ef fects  o f  Molybdenum S u l f i d e  Cata lyst  

The general re la t i onsh ip  i n  the ref lectance o f  v i t r i n i t e - d e r i v e d  residues 
between non-cata ly t ic  and c a t a l y t i c  (1% Mo) temperature-staged hydrogenation 
experiments i s  provided i n  Fig. 2. This f i g u r e  shows t h a t  t he  res idual  mater ia ls  
f r o m  the c a t a l y t i c  runs genera l ly  have higher re f lectances than those from non- 
c a t a l y t i c  runs. The higher volumetric conversion o f  each coal i n  the  presence o f  
the molybdenum ca ta l ys t  means tha t  there i s  much less o f  t he  o r i g i n a l  coal 
mater ia l  remaining; therefore, the residues w i l l  be o f  h igher  molecular weight and 
more h igh l y  condensed than from runs which achieve s i g n i f i c a n t l y  lower l e v e l s  o f  
conversion. Another poss ib le  con t r i bu t i on  t o  the higher re f lectances would r e s u l t  
from the ca ta l ys t  promoting dehydrogenation reactions. 

res idual  mater ia l ,  considered i n  i s o l a t i o n  from a l l  pe r t i nen t  information, may not  
be a good ind i ca t i on  o f  t he  conversion o f  coal t o  a so lub le product. 
pa r t i cu la r ,  low molecular weight products generated as a r e s u l t  o f  e f f i c i e n t  
hydrogenation are presumed t o  have had a r e l a t i v e l y  low ref lectance; however, 
these mater ia ls  w i l l  have dissolved i n  the solvent (THF) used t o  separate t h e  
so lub le products from the inso lub le residues. Because o f  t h i s  problem, a se r ies  
o f  experiments was undertaken s p e c i f i c a l l y  t o  study the  ref lectance d i s t r i b u t i o n  

The s ign i f i cance  o f  t h e  foregoing i s  t h a t  a re f lectance measurement made on 

I n  
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o f  the whole products (without ext ract ion) ,  as wel l  as the  i nso lub le  residues o f  
c a t a l y t i c  and non-cata ly t ic  temperature-staged hydrogenation. 
sunmarized i n  t h e  sec t i on  e n t i t l e d  "Analyses o f  Whole Products". 

The resul ts ,  are 

Reflectance analyses a lso were performed on j u s t  t he  THF-insoluble residues 
of dry c a t a l y t i c  and non-catalyt ic, s ing le-  and two-staged 1 i que fac t i on  o f  t he  
subbituminous coal (PSOC-1401) reacted under N, and H, atmospheres and a 
combination of t h e  two gases. 
atmosphere, c a t a l y s t  and pretreatment t o  be evaluated. 
both c a t a l y t i c  and non-cata ly t ic  runs, v i t r i n i t e  re f lectance values o f  the 
residues of pretreatment are low whether generated i n  a n i t rogen  o r  a hydrogen 
atmosphere. 
resu l t  of high-temperature and temperature-staged reactions (425OC). 
v i t r i n i t e  was subject  t o  s i g n i f i c a n t  changes as shown by a l a rge  increase i n  
maximum ref lectance and by the  q u a l i t a t i v e  descr ip t ions provided i n  Table 3.  
t h i s  tab le,  "reacted" v i t r i n i t e  (or  v j t r o p l a s t )  r e f e r s  t o  those v i t r i n i t e  
p a r t i c l e s  which had undergone thermoplastic deformation and might have developed a 
granular anisotropy; "unreacted" v i t r i n i t e  re fe rs  t o  those showing no evidence o f  
thermoplast ic i ty ,  f o r  t he  most p a r t  re ta in ing  t h e i r  o r i g i n a l  morphology. 

In t he  presence o f  the molybdenum ca ta l ys t  and hydrogen atmosphere, most o f  
the v i t r i n i t e  p a r t i c l e s  became p l a s t i c  i n  the  reactor  and were p a r t i a l l y  subject 
t o  condensation l ead ing  t o  the  development o f  a granular anisotropy. 
comparison, the o t h e r  three high-temperature residues processed i n  a n i t rogen 
atmosphere are composed mainly o f  "unreacted" v i t r i n i t e  pa r t i c l es .  
demonstrates t h a t  t h e  presence o f  a ca ta l ys t  and hydrogen gas p lay  an important 
r o l e  i n  promoting v i t r i n i t e  r e a c t i v i t y  during l i que fac t i on  o f  t he  subbituminous 
coal. Although the  "unreacted" v i t r i n i t e  p a r t i c l e s  may possess a lower 
re f lectance than the  "reacted" pa r t i c l es ,  the l a t t e r  were associated w i t h  a higher 
volumetric conversion. 

This ser ies o f  runs has enabled t h e  in f luence o f  
Table 3 shows that ,  f o r  

The in f l uence  o f  atmosphere and ca ta l ys t  becomes more evident as a 
The 

I n  

In 

This 

During the  temperature-staged reactions (275OC + 425°C) , the  e f f e c t  o f  t he  
f i r s t  stage i s  n e g l i g i b l e  when a n i t rogen atmosphere was used dur ing the second 
stage. I t  was found, f o r  residues o f  reactions a t  425"C, N,; 275"C, NL + 425OC, 
N,; and 275"C, H, + 425"C, N2, t h a t  the ref lectance values were very s i m i l a r  f o r  
residues o f  t he  c a t a l y t i c  runs and again f o r  those from the  non-catalyt ic runs 
(Table 3).  This suggests t h a t  f i r s t - s tage  reactions d i d  not p lay  an important 
r o l e  i n  l i q u e f a c t i o n  i f  an i n e r t  atmosphere was used i n  the  second stage. This i s  
fur ther  supported by the  conversion data f o r  these groups o f  three reactions 
(Table 3) .  

The impact o f  f i r s t - s tage  react ion became important when a hydrogen 
atmosphere was employed. 
hydrogen atmosphere, no granular an isot rop ic  carbons were formed from the 
subbituminous coal (PSOC-1401), whereas t h i s  mater ia l  i s  present i n  the  residue o f  
the  corresponding s ing le ,  high-temperature stage reaction; Also, t he  ref lectance 
of the "reacted" v i t r i n i t e  on ly  i s  lowest when a hydrogen atmosphere was used i n  
both stages w i t h  the  ca ta l ys t ,  representing the condi t ions which gave r i s e  t o  the 
highest conversion. 
products o r  molecular s t ructures which are not as l i k e l y  t o  undergo the 
condensation react ions t h a t  would otherwise take place dur ing the  second stage. 

In a l l  residues a f t e r  two-stage react ions w i t h  a 

This impl ies tha t  f i r s t - s tage  react ion may have created 
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During the temperature-staged reactions, the presence o f  the c a t a l y s t  
minimized ret rogress ive react ions i n  the subbituminous coal. 
values o f  the residues from the  non-catalyt ic runs are cons is ten t l y  h ighe r  than 
those o f  the c a t a l y t i c  ones i n  the temperature-staged reactions even though the re  
may have been considerably lower conversion (Table 3 ) .  

In b r i e f ,  the in f luence o f  d i f f e r e n t  parameters on dry l i q u e f a c t i o n  are 
i n te r re la ted .  The e f f e c t s  o f  atmosphere and ca ta l ys i s  are manifested dur ing the  
second stage, whereas they have r e l a t i v e l y  l i t t l e  apparent e f f e c t  dur ing the  f i r s t  
stage. The presence o f  a hydrogen gas and ca ta l ys t  promotes the thermoplast ic  
development o f  v i t r i n i t e  i n  the  tub ing bomb reactor ,  i n  t u r n  favor ing l i q u i d  
conversion as a consequence o f  enhanced hydrogen t rans fe r  and c a t a l y s t  dispersion. 

The re f l ec tance  

Analyses o f  Whole Products, Ca ta l y t i c  and Non-Catalytic 

The advantage o f  performing ref lectance analysis upon the whole products o f  
react ion i s  t h a t  a b e t t e r  oppor tun i ty  i s  provided f o r  evaluat ing the  e f f i c i e n c y  o f  
hydrogenation. As noted above, some o f  t h e  products o f  hydrogenation which would 
be dissolved by the ex t rac t i on  solvent are avai lab le f o r  study i n  add i t i on  t o  
undissolved coal and any products o f  re t rogress ive condensation reactions. This 
type o f  analyses i s  poss ib le  on l y  w i t h  the  products o f  d ry  hydrogenation; when a 
vehic le  solvent i s  used, the products have a t a r r y  consistency and cannot be 
formed i n t o  a p e l l e t  or polished without p r i o r  ext ract ion.  
the experimental hydrogenation o f  an hvA bituminous coal has shown t h a t  thermal 
reactions produced on ly  higher r e f l e c t i n g  v i t r i n i t e - d e r i v e d  mater ia ls ,  bu t  where a 
dispersed ca ta l ys t  was employed the ref lectance d i s t r i b u t i o n  was extended 
downwards t o  s i g n i f i c a n t l y  lower levels. The lower r e f l e c t i n g  populat ion, i n  t h e  
l a t t e r  case, was THF solub le and h igh l y  f luoresc ing under b lue- l ight  i r r a d i a t i o n .  
This contrasted with the THF-insoluble and non-fluorescent nature o f  t h e  h igher  
r e f l e c t i n g  population. It was concluded t h a t  the low-ref lect ing ma te r ia l  
generated under c a t a l y t i c  hydrogenation i n  these experiments probably was 
asphaltenic i n  nature. 

were obtained f o r  t he  v i t r i n i t e -de r i ved  mater ia ls  i n  the  whole products from the  
hydrogenation o f  hvA and C bituminous coals, the anisot rop ic  textures o f  these 
mater ia ls  were q u i t e  d i f f e r e n t .  A f ine-grained anisotropy was apparent i n  the  
product o f  t he  f i r s t  o f  these coals, poss ib ly  because o f  the large s i z e  o f  
molecules generated dur ing c a t a l y t i c  l i que fac t i on  ( the  residue o f  t he  
corresponding thermal run was i so t rop i c ) .  It i s  supposed t h a t  l o c a l l y ,  i n  the  
absence o f  hydrogen, the  molecular fragments would a l i g n  and stack t o  g i v e  an . 
an isot rop ic  texture.  
a d i s t i l l a t e  process solvent f r a c t i o n  (220-500°C-boil i ng  H-coal f r a c t i o n a t o r  
bottoms from Consolidation Coal Company) produced only n e g l i g i b l e  an i so t rop i c  
semicoke; apparently the solvent must a i d  the dispersal o f  f ree  rad i ca l s  so t h a t  
there i s  a greater  l i k e l i h o o d  o f  hydrogenation. 
coal, no anisot rop ic  semicoke was produced dur ing the dry  hydrogenation under 
e i t h e r  thermal or c a t a l y t i c  condit ions. 
fragments formed dur ing c a t a l y t i c  hydroprocessing o f  t h i s  coal must be l e s s  p lanar  
than those from the hvA bituminous coal. The reported d i f f e rence  i n  conversion 
l eve l s  between coals  o f  hvC and A bituminous rank (Figs 1 & 2), and t h e  o p t i c a l  

Published work (2) on 

Subsequent work (3 )  showed t h a t  although s i m i l a r  re f lectance d i s t r i b u t i o n s  

The same coal c a t a l y t i c a l l y  hydrogenated i n  the  presence o f  

', 
I n  the  case o f  t h e  hvC bituminous 

I t  was concluded t h a t  t he  aromatic 
t 
i' 
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textures o f  t h e i r  respect ive residues appear t o  be manifestat ions o f  known 
d i f ferences i n  molecular s t ruc tu re  between coals o f  these ranks. 
then, i l l u s t r a t e  how geochemistry a f fec ts  coal s t ructure,  and the  s i g n i f i c a n t  
e f f e c t  t h i s  can have upon react ion chemistry. 
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LINkS BETWEEN HYDROGENATION BEHAVIOR OF COALS AND THEIR GIESELER- 
SOLIDIFICATION 
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Institute of C o a l  Chemistry. Polish Academy OF Sciences. 44-100 

Gliwice. 1 Maja 62. Poland 
$Fachhoc hr,c hule Fresenlus. 6200 W iesbadcn. Dambachtal 20. Germany 

INTRODUCTION 

The present study aims at better understanding of links that 
were .Found between hydrogen acceptor abilities of coals and their 
solidification temperatures ( 1 ) In search f o r  means of pre- 
diction of the development of anisotropic texture in coking coal 
blends ( 1 ) .  

Our approach is based on the four methodological steps applied 
to a set of twenty coals that represent a wide range of 
thermoplastic properties. The steps at-e: ( 1 )  determination of 
hydrogen acceptor abilities of the coals in reaction with 
tetralin; ( 2 )  determination of Gieseler-solidification 
temperati.ires o f  the coals; ( 3 )  characterization of the coal5 by 
pyrolysis /Py/--field ionization /FI/ mass spectrometry /MS/ of 
the coals: and (4) multivariate chemometric evaluation of these 
three data sets. Specific role of Py-FIMS of coals lies in that 
the technique displays chemical composition of a part of coal 
material tilat is able to diffuse and penetrate coal grains on 
heating during coal processing: it has been found that this 
movable part influences coal reactivity in reaction with H-donor- 
( 2 - 3 )  and in low-temperature pyrolysis (4): 

The pr-esent paper is aimed at search for structural units of coal 
material that at-e active in hydrogen transfer and units that are 
active in reactions resulting in coal solidification on heating. 
It is believed that the results can contribute to iden- 
tification of structures active in liquefaction retrogressive 
reac t i ons. 

EXPERI MENTAL 

Coal Samples. Twenty carboniferous coals from Poland wet-e 
studied. Their basic properties (wt.% daf) are: carbon 85-91: 
hydrogen 4.3-5.9; oxygen 0 .  E-7.0; sulfur 0.5-3.8. The 
petrographic composition (wt.% dmmf) is: vitrinite 63-88; ex- 
inite 0.-11; inertinite 7-30. Solidification temperatures of the 
coals (Table 1 )  are in the 417-490oC range. 

!?eac&.i-on - ~ f  ,.Co_a_ls. wl$,h.TetWij. The reaction was carried out at 
400oC; 60 min; for coal-tetralin mixture 1:2 w/w. The amount of 
hydrogen transferred from tetralin to coal material /HTr/ was 
calculated on the basis of GC determination of unreacted 
tetralin/naphthalene ratio. Other details were reported earlier ( 

3 except for thermal decomposition of tetralin at 4000C. 
Tetralin was heated in the autoclave at 40CloC/60 min and GC ana- 
lysed . The result of analysis: 97.8 % tetralin; 1.4 X 
naphthalene: and compounds o f  lower and higher retention times 
0 . 5  X and 0.3 X I  respectively, were used for calculation of 
corrected HTr values /shown in Table 11. The same procedure was 
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a p p l i e d  i n  d e t e r m i n a t i o n  of HTr f o r  p y r i d i n e  /Py/- e x t r a c t a b l e s  
and Py-residues o f  t h e  coals .  

- PJ-FI MS and Chemometric Techiquec,. B o t h  have been p r e v i o u s l y  
descr ibed i n  d e t a i l s  (2-4). 

RESULTS 

Hydrn en T rans fe r  t o  Coal M a t e r i a l .  The d a t a  i n  Table 1 show t h a t  
organ?c m a t e r i a l  o f  Py -ex t rac tab le5  as w e l l  as of Py-res idues 
r e a c t  w i t h  t e t r a l i n .  Amount o f  hydrogen t r a n s f e r r e d  t o  F'y- 
e x t r a c t a b l e s  and t o  t h e  res idues  i s  i n  t h e  same range f rom 
0.4 t o  1.0 grams o f  H / 101) grams o f  org.  m a t e r l a l .  I f  one 
compares HTr va lues  f o r  a coal ,  i t s  e x t r a c t e d  m a t e r i a l  and 
res idue,  one can say, a l l  cases a r e  observed: some c o a l  
samples show t h e  h i g h e s t  HTr; i n  o t h e r  c o a l s  t h e  h ighes t  HTr 
1s found f o r  t h e i r  e x t r a c t a b l e s  o r  f o r  res idues .  
The c o r r e l a t i o n  . c o e f f i c i e n t  found between HTr va lues  f o r  t h e  
c o a l s  and t h e i r  s o l i d i f i c a t i o n  temperatures i s  v e r y  s i g n i f i c a n t  
/ r = 0.87/. Lower t- va lues were found f o r  t h e  pt-oducts of ex- 
t r a c t i o n .  
Hvdrosen Transfer and F I  D i f f e r e n c e  Mass Saectrum -of S e l e c t e d  
C-. Four most r e a c t i v e  c o a l s  /HTr i n  t h e  range f rom 0.8 t o  
1.2/ were se lec ted ;  t h e i r  F I  mass spec t ra  were normal ized and 
summed. Next, f o u r  l e a s t  r e a c t i v e  c o a l s  /HTr i n  0.1 - 0.4 
range/ were chosen and t h e i r  s p e c t r a  were normal ized and summed. 
F i g u r e  shows t h e  d i f f e r e n c e  spectrum f o r  t h e  two groups o f  
coals .  The upper p a r t  o f  F i g u r e  shows F I  mass s i g n a l s  whose 
i n t e n s i t i e s  a r e  h ighe r  i n  t h e  h i g h  r e a c t i v e  coals .  The lower 
p a r t  shows s i g n a l s  whose i n t e n s i t i e s  a r e  h ighe r  i n  t h e  l e a s t  
r e a c t i v e  coa ls .  Hence, i t  ha.s been concluded t h a t  t h e  compos i t i on  
o f  t h e  v o l a t i l i z e d ,  i n  t h e  mass spect rometer ,  m a t e r i a l  of c o a l s  
can supply  i n f o r m a t i o n  about components t h a t  at-e a c t i v e  i n  
hydrogen t r a n s f e r  as w e l l  as about u n r e a c t i v e  species.  

F I  Mass S i g n a l s  C o r r e l a t e d  w i t h  Hvdroqen Transfer ,  R e s u l t s  o f  
c o r r e l a t i o n  a n a l y s i s  c a r r i e d  o u t  f o r  two s e t s  of data:  ( a )  F I  
mass s i g n a l s  i n  t h e  range 158-400 a.m.u. and (b)  amounts o f  
hydrogen t r a n s f e r r e d  t o  t h e  samples o f  coals .  a r e  shown i n  
Table 2. Seventy seven F I  mass s igna16 were found  t o  be 
s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  t h e  HTr values. f? v a s t  m a j o r i t y  
of t h e  c o e f f i c i e n t s  a re  h i g h l y  s i g n l f i c a n t  ( r:!+ 0.68 I ) .  
T h i s  i n d i c a t e s  t h a t  t h e r e  i s  a c a u s i t i v e  l i n k  between s t r u c -  
t u r e s  rep resen ted  by t h e  c o r r e l a t e d  s i g n a l s  and r e a c t i v i t y  
o f  t h e  Coal5 i n  hydrogen t r a n s f e r .  
O u t  o f  a l l  t h e  c o r r e l a t e d  s i g n a l s ,  f o r t y  seven s l g n a l s  a r e  
c o r r e l a t e d  w i t h  p o s i t i v e  s i g n  /Table 2;upper/ i . e . ,  t h e  higher-  
t h e  i n t e n s i t i e s  of t h e s e  s i g n a l s  t h e  h ighe r  amount of hydrogen 
i s  t r a n s f e r r e d  t o  t h e  coals .  A l l  t hese  s i g n a l s  can be f o u n d  i n  
t h e  upper p a r t  o f  t h e  d i f f e r e n c e  spectri.im /F igu re /  . 
T h i r t y  s i g n a l s  a r e  c o r r e l a t e d  w i t h  nega t i ve  s i g n  /Table 2 ;  l o w e r /  
which means: t h e  h ighe r  t h e  i n t e n s i t i e s  o f  t h e  s i g n a l s  t h e  
lower amount of hydrogen i s  t r a n s f e r r e d  t o  t h e  coals .  fill 
t h e  s i g n a l s  can be found i n  t h e  lower p a r t  of t h e  d i f f e r e n c e  
spectrum. 

Proposed s t r u c t u r e s  f o r  a l l  c o r r e l a t e d  s i g n a l s  at-e shown i n  Table 
3. The s t r u c t u r e s  rep resen t  o n l y  one o f  a l l  p o s s i b l e  isomers f o r  
example, pyrene / m / z  202/ i s  d isp layed,  a l t hough  t h e r e  a r e  
t h r e e  o t h e r  four- - r ing aromat ic  hydrocarbons, a l l  w i t h  t h e  same 

- 
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accura te  mass a s  f o r  pyrene. Isomers not, presented i.n t h e  
Table can  be f o u n d  i n  re fe rence  5 .  

SXr-uLtur.eF _-fect>.y~ --.ii.- Hydrogen Transfer-, /Table 3; upper / .  I n  
genera l ,  t h e r e  a r e  two t ypes  o f  compounds t h a t  a r e  p o s i t i v e l y  
c o r r e l a t e d  w i t h  hydrogen trans.fet-. They a r e  aromat ic  hydrocar-  
bons and hydroxycompounds. Hydroaromat ics seem t o  be o f  minor 
importance f o r  t h e  r e a c t i v i t y  ID+ t h e  s t u d i e d  Coals, compared 
w i t h  lower rank c o a l s  ( 3 . 4 ) ,  s i n c e  t h e y  a r e  represented by a few 
hydropyrenes. 

Aromat ic hydrocarbons a r e  represented by 12 c lasses.  w i t h  r espec t  
o+ number 0.f a romat i c  r i n g s  and mode o f  t h e i r  arrangement. They 
are: 3-aromat ic r i n g  hydrocarbon (m/z 190) ; 4-aromat ic r i n g  (m/z 
202; 226; 240; 254) ;  5-aromat ic r i n g  (m/z 252: 264; 2'76; 278); 6- 
aromat ic  r i n g  ( m / z  302; 328) and 7-aromat ic r i n g  hydrocarbon 
(m/z 300). Wi th  respec t  o f  a l k y l  s u b s t i t u e n t s ,  m a j o r i t y  o f  t h e  
hydrocarbons a r e  p r e s e n t  as u n s u b s t i t u t e d  and c o n t a i n i n g  one 
methyl  group. A +ew hydrocarbons may have C2 and C3 a l k y l  subs t i - -  
t u e n t s .  for  example. accu ra te  masses r e l a t e d  t o  s i g n a l s  m/z 328 
and 342 may represent ,  e i t h e r  C2 and C3- coronenes o r  CO-CI- 
d i benzoc hr- ysenes. 

Hydroxycompounds a r e  rep resen ted  by /OH/- and /OH/Z-henzenes; /OH/ 
and /OH/2-indenes; and /OH/ -naphthalenes, -acenaphthenes, - 
anthracenes, -+ luorenes.  No doubt. a t  l e a s t  some o f  t h e  compounds 
have p h e n o l i c  OH ( m/z 94; 110: 134). 

S t r u c t u r e s  I n a c t i v e  i n  Hydrogen T rans fe r  /Table 3; lower / .  I n  
c o n t r a s t  t o  t.he p o s i t i v e l y  c o r r e l a t e d  mass s i g n a l s ,  t h e  
n e g a t i v s l y  c o r r e l a t e d  s i g n a l s  rep resen t  e n t i r e l y  d i f f e r e n t  
o t r u c t u r e s .  None af  them can be ass igned t o  unsubst.uted a romat i c  
hydrocarbons. I n s t e a d  of  t h a t ,  t h e  s i g n a l s  rep resen t  s h o r t  a l k y l  
dwvi v a t  ivec, 0.f naphthalene, f l uo rene .  acenapht hene. anthracene 
and chrysene, t h e  f i v e  c lasses  o f  aromat ic  hydrocarbons t h a t  a r e  
no t  p resen t  a t  a l l  i n  t h e  s e t  0.f a c t i v e  s t r u c t u r e s .  The o the r  
aromat ics a re  a l k y l a t e d ,  C2-C5, pyrene. pery lene,  cyc lopenta-  
ohrysene and dibenzopyrene; these  a romat i cs  i n  t h e  p o s i t i v e l y  
c o r r e l a t e d  5 e t  a r e  e n t i r e l y  u n s u b s t i t u t e d .  
R few hydroxycompounds i . e . ,  C4-C7-dihydt-o~ybenzenes were a l s o  
found t o  be  i n a c t i v e  i n  hydrogen t r a n s f e r .  

Comparing t h e  p r e s e n t  r e s u l t s  wi t ,h r e s u l t s  ob ta ined  f o r  another  
s e t  o f  twen ty  c o a l s  of lower rank ( 2-4 ) ,  t h e  major d i f f e r e n c e  
is. t .hat  i n  h i g h  rank c o a l s  much more co r re l .a ted  s i g n a l s  at-e r e -  
l a t e d  t o  a romat i c  s t r u c t u r e s .  T h i s  r e f e r s  t o  t h e  p o s i t i v e l y  as 
w e l l  as n e g a t i v e l y  c o r r e l a t e d  signa1.s. 

F I  Mass S i g n a l s  an$--Structures C o r r e l a t e d  w i t h  S o l i d i f i c a % L , F j  
Temperatures. R e s u l t s  o f  c o r r e l a t i o n  a n a l y s i s  c a r r i e d  nut f o r  
two s e t s  o f  d a t a  i..e.. FI mass s i g n a l s  and temperatures o f  
s o l i d i f i c a t i o n  o f  coa ls .  Ts, a r e  p resen ted  i n  Tabla 2.  It has 
been s t a t e d  tha t .  a l l  s i g n a l s ,  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  
T s ,  a r e  a l s o  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  hydrogen t r a n s -  
fer-. however wit.ti o p p o s i t e  s i g n  (Table 2 ) .  
Th is  means. t h e  h i g h e r  t h e  con ten t  i n  a c o a l  of s t r u c t u r e s  shown 
i n  upper p a r t  o f  Table 3. t h e  lower i s  i t s  temperature o f  
s o l i d i f i c a t i o n  and  t h e  h ighe r  i t s  hydrogen t r a n s f e r .  I t  c l e a r l y  
i n d i c a t e s  a s t r o n g  l i n k  between r e a c t i v i t i e s  o f  t h e  s t r u c t u r e s  i n  
r e a c t i o n s  r e s u l t i n g  i n  s o l i d i f i c a t i o n  and i n  hydrogen t r a n s f e r  
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reactions. 
Next. the results of correlation analysis also show: the higher 
the content in a coal of structures presented in lower part of 
Table 3. the higher is its temperature of solidification and the 
lower its hydrogen transfer. Thus, the structures are inac- 
tive in solidification as well as hydrogen trans+er reactions. 

Summind up the results:, 
- The same structures are reactive i.n hydrogen transfer from the 
hydrogen donor and in reactions that result in solidification of 
coal on its heating. They are: (a) numerous unsubstituted and 
C1-aromatic hydrocarbons that contain from 3 up to 7 aromatic 
rings /except for the hydrocarbons quoted in the next para/; a 
few may have also CZ and C3 alkyls; and (b) CU-C7-alkylated 
hydroxyaromatic compounds that contain from 1 t o  3 aromatic 
rings. 
- Structures that are inactive in hydrogen transfer as well as in 
solidification reactions, are: alkyl-, LIP to C3, naph- 
thalenes, fluorenes;, acenaphthenes, anthracenes and chrysenes 
as well as alkyl-, up, to C5, aromatic hydrocarbons that 
have 4 rings (pyrene, perylene, cyclopentachrysene) 
and 4 rings (dibenzopyrene). 

DISCUSSION 

The link between H-acceptor capability o f  coals in reaction with 
H-donor and their temperature-induced solidification (1) lies 
in the +act that the same structures that are active in H- 
transfer from H-donor are also active in thermal reac- 
tions resulting in solidification. 
Hence, these structures during liquefaction can react Via two 
pathways: they can either react with H-donor or participate in 
condensation/polymerization reactions. The pathway by which the 
structure reacts depends on the availability of H-donor molecule 
or a molecule with which it can condensate or polymerize. 

i 

H-transfer activity of the Shown aromatic hydrocarbons (Table 
3;upper) can be explained on the basis of mechanism worked out by 
McMillen, Malhotra et al. (4); the aromatics react with 
hydroaromatic +I-donor and give rise to cyclohexadienyl radicals 
which in turn, lead .to cleavage of single bonds in coal material. 
The mechanism of solidification reactions of the aromatics can be 
deduced from studies of carbonization at 430-45OoC of model 
aromatic hydrocarbons (7) showing that they undergo condensation 
reactions. Hence, it is concluded that the shown aromatic 
hydrocarbons undergo such condensation during liquefaction and 
that this constitutes a part of retrogressive reactions in 
liquefaction. 

Assuming that the hydroxycompounds (Table 3; upper) are phenolic 
compounds, one can explain their activity in H-transfer by 

they contribute to solidification, e:.:cept for dihydroxybenzenes 
( 1 0 ) .  It has been stated that they readily polymerize at 400oC; 

' ' ionic mechanism was suggested ( 1 0 ) .  Thus, it is concluded that 
the hydroxycompounds polymerize in liquefaction and give rise to 
retrogressive reactions in this way, if H-donor is not available 
on molecular level. 

I several hypotheses ( B , 9 ) .  More obscure is mechanism by which 

The inactive structures (Table 3: lower) dilute the concentration 

457 



of. a c t i v e  spec ies .  Hence. t h e  h i g h e r  t h e  c o n t e n t  o f  i n a c t i v e  ones 
t h e  longer  t i m e  i s  needed f o r  s o l i d i f i c a t i o n .  T h i s  has been 
manifested i n  t h e  Gieseler -p lastometer  a6 t h e  i nc rease  of 
s o l i  d i f  i c a t , i o n  temperature.  
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Table 1 
BASIC CHARACTERISTICS OF THE STUDIED COALS 

._ - __ - ._ __ --- - - - - - -- .- - -- --- - 
COAL I W t  X d a f  I SOLIDFTN*: HYDROGEN TRANFER,HTr 
No I I g o f  H / I O 0  g org.mat. 

I C I 0 I Ts; OC I COAL I RESIDUE I EXTRACT 

1 0 0 1  8 5 . 0 1  6.9 I 433 I 0.78 I 0.77 I 1.1.68 
1 . 0 2 :  8 7 . 3 ;  4.6 I 417 I 1.06 I 0.84 I 0.83 
103 I 85.9 I 6.6 I 428 I 1.20 I 0.95 I 0.85 
104 I 85.3 I 6 .9  I 451 I 0.71 I 0.70 I 0.86 
105 I 85.7 I 6.9 I 440 I 0.68 I 0.67 I 0.91 
106 I 85.7 I 6 .6  I 451 I 0.76 I 0.61 I 1.01 
107 ; 86.4 I 2.8 I 464 I 0.74 I 0.51 I 0.95 
109 I 88.4 I 3.8 I 471 I .63 I 0.69 I , 0.61 
111:) I 88.3 I 3 .6  I 458 I .55 I 1:). 71 I 0.55 
111 I 86.7 I 5.2 I 465 I . 42 I 0. 73 I 0 .  60 
112 I 90.6 I 1.9 I 478 I 0.49 I 0.77 f 0.49 

114 I 89.4 I 3.2 I 490 I 0.12 . I  0.42 I 0.44 
117 I 84.5 I 7.5 I 454 I 0.76 I 1.03 I 0.81 
118 I 85.7 I 5 .3  I 448 I 0.61 I 0.95 I 0.72 
119 I 89.5 I 2 .7  I 479 I 0.27 I 0.47 I 0.41 

121 I 91.4 I 0.8 I 488 I 0.41 I 6.42 I 0.50 
122 I 88.7 I 1.7 I 490 I 0.36 I 0.46 I 0.97 
1 2 4 1  8 5 . 1 ;  6.8 I 431:) I 0.73 I 1-02 I 0.62 

Rangel 85-91 10.8-7.71 417-490 I 0.1-1.21 1:).4-1.0 I 0.4-1.0 

113 I 91.9 I 0.8 I 487 I 0.32 I 0.71 I 0.47 

120 I 84.5 I 7.7 I 430 I 0.89 I 1.00 I 0.72 

---_--------_----_______________________-------------------- 
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f 

I 

1 / G i  esel er p 1 a s t  ometer  ; s t a n d a r d  m e t  hod PN-6Z/G-O4536. 

T a b l e  2 
F I  MASS SIGNOLS CORRELATED WITH HYDROGEN TRANSFER VALUES / H T r /  

AND WITH SOLIDIFICATION TEMPERATURES / T s /  O F  THE COALS 
1 - 

I C o r r l n  c o e f f n t  I I I C o r r l n  c o e f f n t  

I HTr I Tr, I ,  I HTr  I Ts  
f o r  I ,  

I ,  

m / z  I f o  t- m/z I 

----- ------ ------ - 

i 58 
160 
162 
164 
172 
174 
176 
188 
1915 
200 
202 
212 
214 
224 
226 
238 
240 
250 
252 
254 
260 
262 
264 
274 
276 
278 
288 
290 
300 
302 
314 
328 
338 
340 
342 
350 
352 
364 
366 

Upper P a r t  
.85  
.59 
.81 
.82 
.85 
.69 
.76 
.79 
.53 . '70 
.54 
.91 
.80 
.50 
.93 
.82 
.91 
.82 
.81 
.77 
.57 . '72 
.85 
.73 
.76 
" 88 
.69 
.68 
.62 
.87 
.86 
.79 
" 81 
.64 
.83 
.71 . 90 
.85 
.88 

-. 82 -. 56 -. 75 -. 74 
-.83 -. 63 
-.71 -. 70 
-. 59 -. 67 
- . 60 -. 85 
- .e3 -. 60 
-.91 
-. 88 -. 94 -. 81 -. 84 -. 75 -. 64 -. 75 -. 90 -. 73 -. 76 -. 79 -. 70 -. 55 -. 65 
-. 85 -. 86 
-. 83 
-. 77 -. 48 
-.77 -. 72 -. 92 -. 88 
-.e3 

374 
376 
378 
300 
388 
390 
392 

166 
168 
180 
182 
192 
194 
196 
206 
208 
218 
2 2 I) 
230 
244 
256 
258 
280 
284 
294 
298 
306 
308 
318 

322 
330 
332 
334 
344 
X46 
..dB 

320 

??r= 

Upper P a r t  
I .67 I 
I - 8 0  I 
: .88 I 
I .59 I 
I .74 I 
: -87  I 
: .84 I 
Lower P a r t  

I -.70 I 
I - . s o  I 
I -.eo I 
I -.71 I 

-.78 I 
- ' "  83 I 
- . 6 2  : 
-.91 I 
-.71 I 
-.72 I 
-.80 I 
-.E6 I 
-.90 I 
-.69 I 
-.90 I 
-.75 I 
-.74 I 
-.e6 I 
-.72 I 
-.75 I 
-.a7 I 
-.81 I 
-.a8 I 
-.59 1 
-.57 I 
-.e3 I 
-.a7 I 
- . a3  : 
-.a7 1 
-.72 : 

-. 76 
-. 86 -. 90 
-. 55 -. 84 -. 83 
-.88 

. 70 . 70 

.87 

. 80 

.a5 

.85 
55 

. 90 

.77 

.74 

.59 . 90 

.90 

.74 

.85 

.85 

.71 

.91 

.71 

.79 

.84 

.85 

.95 

.62 . 70 

.87 

.79 

.79 

.85 

.68 
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INTRODUCTION 

Molybdenum sulfide catalyst has been used to improve liquefaction yield and to refine coal oils 
for the last 60 to 70 years [ 11. It was an important step in coal liquefaction that these catalysts were 
developed because before that time known catalysts were poisoned by sulfur [I], an element all coals 
contain. In 1923, M. Pier found selective, oxidic catalysts used in methanol synthesis that were less 
sensitive to sulfur than the metallic catalyst that was developed from ammonia synthesis [I]. In 1924, 
M. Pier prepared sulfur resistant coal hydrogenation catalysts: sulfides and oxides of molybdenum, 
tungsten, and the iron group metals [I]. 

Weller and Pelipetz [2] used ammonium heptamolybdate (AHM) to liquefy Rock Springs 
subbituminous B coal (Table 1) and found a remarkable increase in coal conversion when using a 
catalyst (92.7%) relative to an uncatalyzed reaction (33.7%). Their work shows that both oils and 
asphaltenes increase in yield. The reaction conditions of 45OoC for 1 h at loo0 psig were such that 
asphaltenes initially produced could easily crack to oils. However, with a change in the oil-to- 
asphaltene (O/A) ratio from 3.71 for the uncatalyzed reaction to 1.51 for the catalyzedreaction, it 
appears the catalyst functions mainly to form asphaltenes. With the use of only one coal, there is not 
enough data to substantiate this trend. Table 2 contains data from Garg and Givens [3] showing AHM 
catalyst to have virmally no effect on total conversion, but a substantial increase in the O/A ratio from 
0.19 to 0.38. At their reaction conditions (825'F for 35 min at 2OOO psig), molybdenum catalyst 
appears to function to hydrogenate asphaltenes to oils. Since these data are in contradiction to those of 
WeUer and Pelipetz, experimental work with more coals is necessary to see how coal rank and 
structure relate to the mechanism of molybdenum sulfide catalyst behavior in coal liquefaction. If these 
data are compared to liquefaction work done in our laboratory with molybdenum sulfide catalysts at 
low severity reaction conditions, the beginning of an understanding of the role molybdenum catalysts 
play in the coal liquefaction can be developed. 

EXPERIMENTAL 

Three different catalyst precursors were used. Sulfided ammonium molybdate (SAM) was 
prepared, as described in several publications [4-61, by bubbling HIS into a solution of ammonium 
heptamolybdate. Sulfided teaahydroquinolinium molybdate (STM) of the chemical formula 
(THQH)&IogSzOyH2O (where THQH represents protonated tetrahydroquinoline) was prepared as 
described by Burgess and Schobert [7]. Ammonium tetrathiomolybdate (ATM) was prepared in a 
similar manner to SAM, except the addition of W O H  provided sufficient additional ammonium ions 
to drive the reaction to completion [8]. 

The coal was impregnated in the same manner as reported previously [4-6]. Coal was slurried 
with catalyst precursor solutions for 2 hours and vacuum freeze dried to less than 1% moisture. 
Although several molybdenum sulfide precufiors were used, previous data have shown that the 
predominant active catalyst species is MoS2 [4-91, and relative comparisons can be made about the 
effect of molybdenum catalysts on coal liquefaction. However, it should be recognized that the degree 
of dispersion of the catalyst precursors on coal could be different because three different molybdenum 
sulfide catalyst precursors were used. 
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Five coals were used. Data on the elemental composition of each coal are contained in Tables 
3-8. All reactions were c a n i d  out in 25 ml microautoclave (tubing bomb) reactors, and heating was 
accomplished in a temperature conmlled fluidized sandbath. The catalyst l o d i g  was 1% expressed 
as weight of molybdenum (not of molybdenum compound) on a daf basis. The reactor was flushed 
three times with hydrogen, with the final addition pressurized to 6.9 MPa (cold). The reactor was 
vertically oscillated 2.5 cm at 200 cycles per minute. Two subbituminous B coals and a hvA 
bituminous coal used a single stage reaction at 425OC for 10 min and a temperature-staged reaction 
(350°C for 1 h followed by 425°C for 10 min). The solvent used was naphthalene at a 2/1 solvent-to- 
coal ratio, and the mass of the coal reacted was 2.5g. A Texas lignite and a hvB bituminous coal used 
the following reaction conditions: a phenanthrene solvent at a 1/1 solvent-to-coal ratio, with the coal 
mass 5g, and the reaction temperature was 275OC for 30 min. 

For the f is t  three coals (PSOC 1266,1401, and 1488), the cooled reactor was vented into a 
glass expansion bulb, and the contents were analyzed by gas chromatography using a Varian model 
3700. The contents of the reactor were then M s e d  with tetrahydrofuran into a dried Soxhlet 
thimble and exaacted for about 12 h under nitrogen. The THF was removed by rotary evaporation. 
The solid residue was dried at 100°C for 12 h before weighing. Conversion was calculated by 
subtracting the weight of the residue from the weight of the coal and dividing by the dmmf weight of 
the coal. Liquids were further separated into asphaltenes and oils by adding hexane to the THF- 
soluble portion. This mixture was refluxed for 12 h under nitrogen, followed by filtration into hexane- 
solubles and insolubles. The hexane was removed by rotary evaporation, and the samples were dried 
at 100°C for 1 h before weighing. The oil (hexane-soluble) yield was calculated by difference from the 
conversion percentages of the gas yield, THF solubles, and the THF insolubles. 

Gas percentages were. not determined, so the calculated difference for the oils includes the gas yield as 
well. Once the pressure was vented from the reactor, the contents of the tubing bomb were rinsed with 
toluene into a dried, weighed ceramic thiible and Soxhlet extracted for about 12 h under nitrogen. 
The toluene was removed from the extract by rotary evaporation. Toluene-solubles were further 
separated into asphaltenes and oils by adding about 400 ml of hexane to the extract. The mixture was 
stirred for 1 h and asphaltenes were allowed to settle overnight, with solids separated by vacuum 
filtration. The toluene-insoluble residue was then Soxhlet extracted with THF to separate 
preasphaltenes from the residue. THF was removed from the extract by rotary evaporation. 
Preasphaltenes, asphaltenes, and residue were dried overnight under vacuum at 1 10°C. Conversion 
was calculated by subtracting the weight of the residue from the weight of the coal and dividing bv the 

For the last two coals @ECS-1 and DECS-6), the work-up procedure was changed slightly. 

daf weight of thd coal. 
- - 

RESULTS AND DISCUSSION 

Conversion data for coals PSOC 1266 and 1401 at 425°C for 10 min are contained in Table 3, 
and conversion data for these two coals at 350°C for lh followed by 425OC for 10 min are contained in 
Table 4. These data were obtained by M. Epstein [2]. For the single stage at 4ZoC, the bituminous 
coal (PSOC 1266) and the subbituminous coal (PSOC 1401) reacted in a similar manner. When 
comparing catalyzed experiments to uncatalyzed experiments, the change in total conversion was -25% 
for both coals, with oil yields decreasing and asphaltene yields increasing substantially. The O/A for 
PSOC 1266 was 0.32 for the uncatalyzedexpenment and 0.07 for the catalyzed experiment. A similar 
trend was noticed with PSOC 1401 with an O/A 6.1 for the uncatalyzed experiment and 0.42 for the 
catalyzed experiment. 

Temperature-staging had a substantial effect on conversion of both coals. For PSOC 1266, 
when comparing catalyzed experiments to uncatalyzed experiments, the change in total conversion was 
a b u t  the same, -28%, but the increase was substantial for the oil yield, while the asphaltene yield 
decreased. The O/A changed from 0.22 for the uncatalyzed experiment to 1.33 for the catalyzed 
experiment. However, for the subbituminous coal PSOC 1401, when comparing catalyzed 
experiments to uncatalyzed experiments, the conversion increased -50%, with increases in both oil and 
asphaltene yields. The greatest increase occurred in the asphaltene yield, with O/A for the uncatalyzed 
experiments 1.46 and for the catalyzed experiments 0.60. 
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PSOC 1488 liquefaction data using two different molybdenum sulfide catalyst precursors are 
located in Tables 5-7. Table 5 contains data at 425OC for 10 min, Table 6 contains data at 350OC for 1 
h followed by 425OC for 10 min, and Table 7 contains data for 3500C for lh. At 425OC for 10 min, 
total conversion for the uncatalyzed experiment is low, at 25%. The experiment using SAM has a total 
conversion of 66%. There is little change in the oil yield (-14%), but there is a large increase in 
asphaltene production, from 10% for no catalyst to 46% for the SAM-catalyzed experiment. At this 
temperame, STM-catalyzed experiments showed poor yields, with oil yield about the same (14%) and 
asphaltene yield at 20%. The O/A ratio reflects this behavior by decreasing from 1.25 for the 
uncatalyzed experiment to 0.73 for the STM-catalyzed experiment and 0.29 for the SAM-catalyzed 
experiment. 

Temperam-staging also had a significant effect on the catalyzed experiments. When using no 
catalyst, total conversion was 31%, with low oil yield (12%) and low asphaltene yield (14%). 
However, when comparing experiments using SAM and STM, total conversion increased to -80%. 
The predominant increase for both catalytic experiments was in asphaltene yield, f m  14% to 58% for 
SAM-catalyzed experiments and 50% for STM-catalyzed experiments. Although the STM experiment 
showed a lower asphaltene yield, a high oil yield (-25%) was observed compared to SAM-catalyzed 
experiments (-16%). STM seems to be more effective for hydrogenating asphaltenes to oils, as 
discussed elsewhere [9]. The O/A of the uncatalyzed experiment is 0.84, and similar to the 425°C 
experiments, the O/A decreased for the STM-catalyzed experiment to 0.52 and to 0.28 for the SAM- 
catalyzed experiment. 

Data for experiments at 350°C for 1 h are located in Table 7. However, although the yields are 
lower than the temperaturestaged experiments, the catalytic experiments showed an increase primarily 
in the asphaltene yields compared to uncatalyzed experiments, as in the previous results for PSOC 
1488. At low seven?. an indication of the coal's liquefaction ability can be readily seen, although the 
liquid yields are not high. The next set of data to be discussed is at even lower severity reaction 
conditions, but can be used to indicate a aend in how the coal will liquefy at higher reaction 
conditions. 

Liquefaction data at 275OC for 30 min for a Texas subbituminous C coal (DECS-1) and a hvB 
bituminous coal (DECS-6) are located in Table 8. Conversion for DECS-1 is low at 275OC, but when 
comparing catalyzed experiments to uncatalyzed experiments, the predominant increase occurs in the 
preasphaltenes and asphaltenes and not in the oil fraction. The O/A (here A represents the sum of 
preasphaltenes and asphaltenes) changes h m  0.32 for the uncatalyzed expenments to 0.2 for ATM- 
catalyzed experiments. The bituminous coal has a higher initial conversion (18% versus 6% for 
uncatalyzed). Although the total conversion increases in the ATM-catalyzed experiments (25%) 
compared to uncatalyzed experiments for DECS-6, the O/A remains constant at 0.38. 

Despite the facts that different reaction conditions and different molybdenum catalyst 
precursors were used, there are some trends that can be seen in this whole body of work [2-91. In the 
Penn State experimental work, two bituminous coals were reacted. PSOC 1266 (temperature-staged 
reaction) liquefaction yields (Tables 4) increased when comparing catalyzed experiments to uncatalyzed 
experiments, with the increased conversion being predominantly oils. DECS-6 liquefaction yields 
(Table 8) increased when comparing catalyzed experiments to uncatalyzed expeximents, where 
liquefaction yield increases were equal between oils and asphaltenes. DECS-6 was reacted at very low 
seventy reaction conditions (275°C). however, and cracking asphaltenes to oils at 275OC may be 
difficult. If these data are compared to Garg and Given's data (Table 2) [3], in which they used a hvC 
bituminous coal, a similar trend is noticed. They obtained a very high liquefaction conversion without 
catalyst (85%). vd although in the catalytic experiment the total conversion did not increase much 
(87%). the O/A mcreased from 0.19 to 0.38. The molybdenum catalyst appears to function 
predominantly to hydrogenate asphaltenes to oils because, in a l l  of these cases, initial conversion to 
asphaltenes even without catalyst is usually high. There was one exception with PSOC 1266 for the 
425OC/10 min experiment (Table 3). The O/A ratio demeased when comparing the catalyzed 
experiment to the uncatalyzed experiment from 0.32 to 0.07. This phenomenon may be because the 
reaction conditions do not allow enough time for asphaltenes to be hydrogenated to oils. PSOC 1488, 
a subbituminous coal, pable  5) at 425OU10 min shows a similar occurrence. However, for 
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experiments using STM, reaction yields are very low, and may be due to poisoning of MoSz by 
products of THQ decomposition [91. 

substantially increased by the use. of catalyst. For PSOC 1401, for the temperature-staged experiment, 
total conversion (Table 4) increased from 42% to 91%, where the increase in conversion was 
predominantly in the asphaltenes. The O/A ratio changed from 1.46 for the uncatalyzed experiment to 
0.a for the SAM-catalyzed experimenr For PSOC 1488, for all reaction conditions and both catalyst 
precumrs (Tables 5-7). the catalytic experiments showed an increase in total conversion compared to 
uncatalyzed experiments, where the predominant increase was in the asphaltenes. DECS-1 (Table 8) 
showed a similar trend. Weller and Pelipetz [2] also show a similar uend (Table 1). The catalyst 
appears to first function to break apart the macromolecular network, and then, function to hydrogenate 
some of the asphaltenes to oils if conditions are conducive to do so. So why is the molybdenum 
catalyst functioning differently in bituminous and subbituminous coals? 

Subbituminous coals contain more oxygen and are thought to be. more highly crosslinked than 
bituminous coals. Hirsch describes low-rank coals with an open stn~cture where there are many 
crosslinks (heteroatoms and hydrocarbon chains) connected to small aromatic systems (3 rings or less) 
[lo]. Bituminous coals (85-91% C) tend to have a liquid structure, where there are. fewer crosslinks, 
larger aromatic system, and overall more order in structure [lo]. Without catalyst or hydrogen donor 
solvent, little atomic hydrogen is available externally because hydrogen radicals generated from H:! 
tend to react with each other before being able to react with radicals as the crosslinks break apart. 
Since ether, thioether, and some carbon-carbn bonds are relatively weak [I 1-13], if catalyst provides 
atomic hydrogen at the milder reaction conditions (S 350OC or temperature-staging), radicals can be 
generated more slowly and capped more efficiently to form asphaltenes. Since subbituminous coals in 
general contain more crosslinks to break apart, the catalyst functions mainly to provide hydrogen for 
capping generated radicals. Hence the large asphaltene yields and relatively large conversions for 
subbituminous coals when using molybdenum catalyst. Bituminous coals contain fewer crosslinks, so 
the requirement for radical capping with hydrogen supplied via the catalyst is lower relative to 
subbituminous coals. Therefore, molybdenum catalyst can function to hydrogenate generated 
asphaltenes to oils. 

CONCLUSIONS 

Three subbituminous coals were reacted. Liquefaction yields for all three (Tables 3-8) were 

When coal liquefies, there are competing reaction mechanisms of coal depolymerization to 
asphaltenes, repolymerization of generated radicals to char, and the formation of oils from asphaltenes. 
It appears that molyWenurn sulfide catalyst, during temperature-staging and low seventy conditions, 
primarily intervenes in liquefaction for subbituminous coals to provide atomic hydrogen to cap 
depolymerized coal hgments that form asphaltenes. This is because subbituminous coal contain a 
relatively high crosslink density compared to higher ranks of coals, and the catalyst remains very busy 
generating asphaltenes. For bituminous coals, conversions without catalyst tend to be relatively high, 
so molybdenum catalyst primarily intervenes to provide atomic hydrogen to help crack asphaltenes to 
oils. Because the crosslink density in bituminous coal is lower than in subbituminous coal, the catalyst 
is not as involved in capping radicals and can be effective as a hydrogenation vehicle to generate oils. 
Repolymerization is reduced as the activity in the other processes increases, therefore, less char is 
produced. For the coals DECS-1.6, work is still in progress to include temperature-staging and to 
evaluate various methods of dispersing catalyst. These results will be reported at future meetings. 
Since the sample set is coals is quite small, similar experiments on a larger set of coals would provide 
more insight into the role rank plays with molybdenum catalyst and low seventy coal liquefaction. 
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Table 1: Liquefaction Conversion Data Comparing the Use of Molybdenum Catalyst to Using No 
Catalyst - Data from Weller and Pelipetz [7] 

a) Total conversion. 
b) Oil to asphaltene ratio. 
c) Catalyst is ammonium heptamolybdate. 

Table 2 Liquefaction Conversion Data Comparing the Use of Molybdenum Catalyst to Using No 
Catalyst - Data from Garg and Givens [8] 

I 

a) Total conversion. 
b) Oil to asphaltene ratio. 
c) Catalyst is ammonium heptamolybdate. 
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Table 3: Liquefaction Conversion Data Comparing the Use of Molybdenum Catalyst to Using No 
Catalyst - Epstein [2] 

a) Total conversion. 
b) Asphaltenes. 
c) Oil to asphaltene ratio. 
d) No catalyst. 
e) Catalyst is sulfided ammonium molybdate. 

Table 4 Liquefaction Conversion Data Comparing the Use of Molybdenum Catalyst to Usin 
Catalyst - Epstein [2] 

a) Total conversion. 
b) Asphaltenes. 
c) Oil to asphaltene ratio. 
d) No catalyst. 
e) Catalyst is sulfided ammonium molybdate. 
0 Gas a total of both stages. 
g) Corrected data. 
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Table 5: Liquefaction Conversion Data Comparing the Use of Molybdenum Catalyst to Usin 
Catalyst - Burgess and Schobert [5,9] 

a) Total conversion. 
b) Asphaltenes. 
c) Oil to asphaltene ratio. 
d) No catalyst. 
e) Catalyst is sulfided ammonium molybdate. 
r) Catalyst is sulfided teaahydmquinolinium molybdate. 

Table 6 Liquefaction Conversion Data Comparing the Use of Molybdenum Catalyst to Using No 
Catalyst - Burgess and Schobert [5,9] 

a) Total conversion. 
b) Asphaltenes. 
c) Oil to asphaltene ratio. 
d) No catalyst. 
e) Catalyst is sulfided ammonium molybdate. 
4 Catalyst is sulfided tetrahydmquinolinium molybdate. 
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Table 7: Liquefaction Conversion Data Comparing the Use of Molybdenum Catalyst to Using No 
Catalyst -Burgess and Schobert [5,91 

i 

a) Total conversion. 
b) Asphaltenes. 
c) Oil to asphaltene ratio. 
d) No catalyst. 
e) Catalyst is sulfided ammonium molybdate. 
f) Catalyst is sulfided tetrahydroquinolinium molybdate 

Table 8: Liquefaction Conversion Data Comparing the Use of Molybdenum Catalyst to Using No 
Catalyst - Data from Davis et al. [q 

a) Total conversion. 
b) Asphaltenes. 
c) Preasphaltenes. 
d) Oil to asphaltene ratio. 
e) No catalyst. 
f) Catalyst is ammonium temthiomolybdate. 
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ABSTRACT 

Martin Lake, Texas lignite typically gives 90-93% conversion in two-stage thermakatalytic (T/c) 
liquefaction and 8540% conversion in two-stage catalytic/catalytic liquefaction (C/C), as 
demonstrated at Amoco and at the Advanced Coal Liquefaction Facility in Wilsonville, Alabama. TO 
identify the chemical and physical phenomena that underlie this low conversion, Martin Lake lignite 
and two of its residues, from UC runs at Amoco, were analyzed by several analytical methods. 

The atomic WC ratio in the solids went through a minimum from 0.86, to 0.78, to 0.90 as 
conversion increased from 0%, to 64%. and 89%. respectively. Oxygen (wt.%, dry) was lowest in 
the high-conversion residue, giving 21.2%, 14.3%, and 11.4% at 0%. 64%. and 89% conversion, 
respectively. X-ray photoelecuon spectroscopy (WS) showed a similar trend of more carbon- 
oxygen bonds on the surface of unconverted lignite particles. X P S  also showed surface enrichment 
of Ca and Mg with increase in conversion, whereas bulk Ca and Mg remained a constant fraction of 
the mineral matter. Carbonyl, aliphatic, and aromatic phenol/ether carbons were converted more 
rapidly than protonated aromatic, substituted aromatic, or bridgehead aromatic carbons, as shown 
by 13C NMR. Volatile matter remained quite high, 26% (dry), in the high-conversion residue. 
Petrographic analysis showed a decrease in vimnites, near-depletion of liptinites, and a sharp 
increase in the ratio of fusinite. to semi-fusinite as conversion increased. 

Overall, Martin Lake lignite showed a decrease in the most reactive components as conversion 
increased, which may explain why conversion slows down at 85-90%. The remaining residue is 
not totally unreactive, however, suggesting that higher conversion may be possible with the proper 
process or pretreatment. 

INTRODUCTION 

Work at Amoco and at the direct coal liquefaction pilot plant facility, operated by the Southern 
Company Services for the U.S. Department of Energy in Wilsonville, Alabama, has shown that 
typical conversion for Martin Lake, Texas lignite is in the range of 9043% for two-stage 
liquefaction when the first stage reactor is opearated at about 825 'F. However, when supported 
hydrogention catalyst is used in the first stage, temperatures are kept below 8 10 'F to preserve 
catalyst activity. In these cases, coal conversion is only 8590%. To identify the chemical and 
physlcd phenomena that underlie this low conversion, Martin Lake lignite and two of its residues, 
from NnS at Ammo, were characterized using several analytical methods. Our main objective was 
to investigate the chemical and physical differences between the unreacted, unconverted Martin 
Lake hgnite and converted residue samples after liquefaction. The specific objectives of this work 
were to f i d  some reasonable answers to the questions of "what are the chemical functionalities 
involved in the liquefaction of low rank coals" and "why does conversion of low rank coals stop at 
85-90% during catalytic/catalytic (UC) liquefaction." 

Three samples were used in this investigation, an unconverted Martin Lake lignite (0% conversion), 
a residue product from the low conversion process (64% conversion) and a residue product from 
the high conversion process (89% conversion). The samples were analyzed for elemental analysis 
(C, H, N, s, and O), proximate analysis (moisture, ash, volatile matter and fixed carbon), bulk 
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metals by Inductively Coupled Plasma (ICP) spectroscopy, surface minerals by X-ray 
Photoelectron Spectroscopy ( X P S ) ,  Scanning Electron Microscopy (SEM), solid state 13C NMR, 
and IR spectroscopy. Petrographic analysis was also performed. 

t 
!! 

EXPERIMENTAL 

The two Martin Lake lignite residues were obtained from Amoco's AU-51L pilot plant and were the 
products of the two stage catalytic/catalytic (UC) liquefaction process with Amocat-lCTM catalyst. 
Stage 1 and stage 2 process temperatures for low conversion residue were 100 and 740 'F and for 
the high conversion residue were 790 and 740 'F, respectively. Both residues and unconverted 
Martin Lake Lignite samples were washed with 40 volumes of THF prior to the analytical work. 

The organic carbon, hydrogen and nitrogen content of the samples were measured by a Leco 
CHN-600 elemental analyzer. Total sulfur and oxygen content of the samples were determined 
using a Leco SC-132 sulfur analyzer and a Leco R0-478 oxygen determinator, respectively. The 
values for moisture, ash, volatile matter and fixed carbon of the samples were determined using a 
Perkin Elmer TGA 7 thermogravimeuic analyzer. 

The NMR data were obtained on a Chemagnetic MlOO solid state NMR spectrometer operating at 
13C resonance frequency of 25.15 MHz. Cross-Polarizationhlagic Angle Spinning (CP/MAS) 
technique was used to obtain solid state 13C NMR spectrum. Based upon our previous studies of 
similar systems, cross-pol&zation contact time of 1 msec with 1 sec recycle delay were chosen as 
the best experimental parameters to obtain a quantitative 13C spectrum Dipolar Dephasinghlagic 
Angle Spinning (DD/MAS) technique was used to provide quantitative differentiation between 
quaternary and tertiary aromatic carbons. For the DD/MAS technique a period of 40 p e c  was 
inserted between the end of the cross-polarization sequence and the beginning of the data 
acquisition, during which the high power proton decoupling field was turned off. In order to 
avoid linear phase distortions in the spectrum, rotational synchronized spin-echo procedure was 
used for both CP/MAS and DD/MAS techniques. 

Diffused reflectance technique was used to obtain the IR data. Samples for diffuse reflectance 
infrared spectra were prepared by weighing 0.020 g sample and 0.980 g of KBr into a metal vial 
and shaking them for one minute on a Wig-LBug apparatus. The samples were transferred to the 
sample holder of a Harrick "Praying Mantis" diffuse reflectance apparatus. Spectra were. obtained 
at 8 cm-l resolution on a Mattson Cygnus 100 spectrometer using an MCT-A detector. A total of 
1Mx) scans were madded to obtain the final spectra. 

A Perkin Elmer model 5400 Small Spot X-ray Photoelectron Spectrometer was used for X P S  data 
collection. The data were obtained using an unmonochromatized radiation source from Mg K, at 
1253.6 ev on about 600 pm analysis area. The samples were pressed into pellets before analysis. 
The SEM data were. obtained on a JEOL 840 A Scanning Elecmn Microscope equipped with a 
secondary and a Back Scatter Electron (BSE) detector. In addition, a TRACOR NORTHERN 5500 
Energy Dispersive X-ray (EDX) system was used to obtain elemental composition of elements with 
atomic number of 11 or greater. The samples were prepared for SEM analysis by sprinkling them 
onto a sticky covered SEM stub and then coating them with AUPd (60/40) in vacuum evaporator. 
To expose cross sectional areas of the particles for detailed analysis, the samples were also 
embedded in a crystal bond compound and then grounded and polished before examination. SEM 
micrographs were obtained at 100,500, and 5000 magnification. For microscopic examination of 
petrographic constituents, the samples were pelletized and polished according to the ASTM D 2797 
procedure. The microscopic examinations were carried out at a magnification of 500 diameters, 
under oil immersion in reflected light illumination. 
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RESULTS AND DISCUSSION 

Process conditions, perrent conversion and product quality of Martin Lake lignite after liquefaction 
are shown in Table 1. Increasing the temperature of the first stage of the process from 100 to 740 'F, 
the lignite conversion (wt.%) was increased by more than 39% (from 64 to 89%). Most of this 
increase was in the lighter products such as C1-C3 and C4-360 'F distillate, which increased by 
250%, and 360-640 'F distillate, which increased by more than 59%. The amount of product in the 
650-975 'F range did not change significantly, and resid (975+ 'F) was nearly eliminated. 

Proximate analysis (wt.%, dry) and elemental analyses (wt.%, dry-ash-free) of the Martin Lake 
lignite and its two residues are shown in Table 2. As conversion of the lignite increased, a 
significant increase was observed in the ash content. This was followed by substantial decreases in 
the volatile matter (VM) and fixed carbon. Although oxygen content, determined by direct analysis, 
did not show a significant decrease with increasing lignite conversion, a considerable decrease was 
observed in the oxygen content calculated by difference, Table 2. The high values for direct oxygen 
of the residues reported here. are believed to be distorted by the oxygen from the water present as 
moisture in these samples. In any case, the elemental oxygen data suggests a reduction in the 
oxygenated components during the process. As expected, the atomic WC ratio was lower for the 
residue from the 64% converted sample (0.78) compared to the unconverted lignite (0.86). The 
atomic WC ratio of the residue from the 89% converted sample, however, did not follow the same 
trend and increased (0.90). Although it is difficult to explain the increase in atomic WC ratio, one 
explanation could be that some solvent is trapped in the residue from highconversion. 

Solid state 13C NMR data are shown in Table 3. The structural parameters, assuming 100 carbons 
per cluster, were derived by using combined CPMAS and D D M S  data following the method of 
Solum et. all. In this procedure, linear integration over selected chemical shift ranges of the CP/MAS 
spechum provides the relative concenhation of different carbon types. Magic angle spinning 
generates high and low field spinning sidebands from SPZcarbons. Sideband intensity is 
appropriately distributed for all SP2 carbon types. The use of DD/MAS technique permits quantitative 
differentiation of protonated and bridgehead aromatic carbons. In the 40 p e c  time period, for which 
the proton decouplig field is turned off, all the signal from protonated aromatic carbons is lost while 
quaternary aromatics lose only about 10% of their signal.* Thus, from the difference in aromatic 
band intensity between CP/MAS and DD/MAS specm and accounting for 10% loss in intensity of 
qUate.mary Carbons, relative concentration of protonated aromatic is calculated. Finally, simple mass 
balance provides the relative concentration of bridgehead aromatic carbons. 

In general, solid state I3C NMR data, in Table 3, indicate that as the lignite conversion increased, the 
carbon aromaticity increased and the carboxyl groups decreased. The size of condensed aromatic 
clusters is duectly related to the ratio of bridgehead aromatic to ring aromatic carbons, i.e., the 
fraction of aromatic carbons in the bridgehead position As an example, for the original lignite 
(0% conversion), the ratio of bridgehead carbons (12.7) to total ring carbons (54.9) is 0.23, which 
corresponds to an aromatic cluster slightly bigger than naphthalene. The same ratios for 64% and 
89% conversion residues are 0.25 and 0.27, respectively, which corresponds to an aromatic cluster 
slightly smaller than anthracene. NMR data also indicated an increase in total SP2 carbons, aromatic 
carbons, protonated and bridgehead carbons with increasing conversion. Although the data did not 
show any significant changes in substituted aromatic carbons with increasing conversion, there was 
a significant decrease in oxygenated functional groups. This clearly suggests that decarboxylation 
and reduction of phenols/ethers had taken place in the liquefaction process. It should be mentioned 
that the decrease in oxygenated functional groups was also seen in the data obtained from elemental 
analysis, IR and XPS spectroscopies. 

The carbonyl and C-H stretch regions were analyzed using diffused reflectance IR spectroscopy. 

in Figure 1. The specific band assignments are based on spectral information compiled by Painter 
Specm for the original lignite (0% conversion) and the low conversion (64%) residue are shown 
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et a14-7 A comparison of spectra clearly shows that, while there is very little change in the C-H 
stretch region with treatment, there is clearly a loss in intensity for the bands in the 1740-1690 cm-l 
region corresponding to oxygen-containing functional groups. Second derivative analysis of the 
spectra also indicates an intensity loss in the 1650-1560 cm-l region, this loss is not obvious from 
tiie untreated spectra. While the bands near 1740 cm-l and 1720-1690 cm-l region may be 
atmbuted to an ester, ketone, aldehyde or carboxyl functional group, the bands in the 1650-1630 
and -1600 mil are due to the highly conjugated C=O and highly conjugated hydrogen bonded 
C=O. The band at -1600 cm-l could also be attributed to aromatic ring breathing. The band in the 
1590-1560 cm-' is due to the carboxyl group in salt form (CQO-). Figure 2 compares the specaa 
for the original lignite (0% conversion) and the high conversion (89%) residue. In this case, a 
change in intensity of the C-H stretch band was seen. Of particular note are the relative decreases in 
intensity of the aliphatic CH3 asymmetric stretch near 2960 cm-l and aliphatic CH, and CH3 
symmetric stretch near 2850 cm-l; and the increases in the intensity of aliphatic CH, and CH3 
asymmetric stretch near 2925 cm-l and aromatic C-H stretch in the region of 3 100-2990 ern-'. Here 
again, the loss in the intensity of the bands corresponding to the loss of oxygen-containing 
functional groups can also be observed. 

Surface composition (wt.%, relative) obtained by XPS and bulk metal composition obtained by 
ICP analyses are shown in Tables 4 and 5, respectively. The bulk analysis of the samples by ICP 
indicated that the major elements in the samples were Si, Fe, AI, Ca, Mg, Na, K and Ti. As was 
expected, the concenaation of these elements increased as the lignite conversion increased. Two 
important pieces of information were obtained from X P S  surface analysis. First, while the relative 
surface concentration (wt.%) for most of the elements (C, Si, Al, S, N, and Fe) did not change 
with increasing lignite conversion, the relative surface concentration of two elements (Ca and Mg) 
increased significantly with increasing conversion. There is some evidence in the literature that 
cations like Na+, K+ and Ca++ are inhibitors in coal pyrolysis8. ', but are.promoter catalysts in 
coal steam gasificationlo. ll. Therefore, in coal liquefaction, it is possible that the increase in Ca 
and Mg at the surface of the reacting lignite panicles slows down significantly, or stops, 
conversion at 85-90%. Second, the electron binding energies obtained from XPS show significant 
loss of oxygen-containing functional groups during the liquefaction process supporting the data 
from NMR and IR spectroscopy. Therfore, as the lignite conversion approaches 90%, the 
remaining residue is a highly aromatic material, hence the conversion slows down considerably. 

Maced compositions obtained from petrographic analysis are shown in Table 6. The data are 
presented on a mined-matter-free basis to allow the comparison between the maceral groups 
vitrinite, inertinite. and liptinite. The inertinite maceral group can be subdivided into fusinite, 
semifusinite, micrinite, macrinite and sclerotinite and the liptinite maceral group can be subdivided 
into spOrinite, resinite and cutinite. Vimnites and liptinites are considered to be the potentially most 
reactive macerals. Inertinites, on the other hand, are considered to be unreactive macerals with the 
exception of semifusinite which may be partially reactive. As expected, the vitrinite macerals 
(wt.%, mmf) decreased from 58.2 to 51.4 and then to 41.2 as the lignite conversion increased 
from 0% to 64% and to 8970, respectively. Liptinite macerals also showed the same trend, 
dropping from 10.0 for the original lignite to 3.5 for the 64% conversion residue and almost to 
zero (0.4%) for the high conversion residue. Decreases in vitrinite and liptinite macerals were 
offset by increases in inertinites. However, for the high conversion (89%) residue the relative 
increase in fusinite was much higher than the increase in semifusinite. This could mean that some 
of the semifusinite had reacted at high conversion conditions. Petrographic analysis indicated a 
significant increase in the mineral matter (13.9,26.4,52.4%) with increasing lignite conversion. 
This was expected, due to the disappearance of the reactive macerals with increasing conversion. 

SEM also showed changes in morphology of the samples with increasing conversion. The sample 
from high conversion (85%) is composed of smaller and more porous particles than unconverted 
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or low conversion (64%) samples. Also, the unconverted and low conversion samples consisted 
of large organic particles decorated with mineral particles. Large organic particles are not seen in 
the high conversion sample; mineral and organic phases are intimately mixed. 

SUMMARY AND CONCLUSIONS 

The NMR data clearly suggests that the main smctural transformations during liquefaction of 
Martin Lake lignite are aliphatic sidechain cracking, decarboxylation, and deoxygenation. Some of 
the NMR data from Table 3 are shown graphically in Figure 3 to suggest answers for the two 
questions asked earlier, "what are the chemical functionalities involved in the liquefaction of low 
rank coals" and "why does conversion of low rank coals stop at 85-90% during catalytic/catalytic 
(C/C) liquefaction." As the lignite conversion approaches 90%, aliphatic and carbonyl functional 
groups are depleted. The remaining residue is a highly aromatic material, therefore, the conversion 
slows down considerably. IR data confirmed the increase in aromatic C-H groups and decrease in 
aliphatic C-H functional groups. IR also indicated a significant loss of reactive carbonyl functional 
p u p s ,  which may cause slow conversion. Data from X P S  analysis indicated that the relative 
surface concentration of two elements (Ca and Mg) increased significantly with increasing 
conversion, which could also decrease the reaction rate, and hence, reduce the conversion. The 
electron binding energies from XPS also showed a decrease in C - 0  and C=O functional groups 
during the liquefaction process. Petrographic analysis showed a significant decrease in the reactive 
macerals (viainites and liptinites), sharp increase in the unreactive macerals (inertinites) and partial 
conversion of semifusinite as conversion increased. 

Overall, Martin Lake lignite showed a decrease in the most reactive components as conversion 
increased, which may explain why conversion slows down at 8590%. The remaining residue is 
not totally unreactive, however, suggesting that higher conversion may be possible with the proper 
process or pretreatment. 

. 
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Table 1. 

Process Conditions and Product Quality Data for Martin Lake Lignite 

Stage 1 Temperature, 'F 
Stage 2 Temperature, 'F 

Cl-C3, wt.% 
C4-360 'F, wt.,% 
360-650 'F, wt.% 
650-975 'F, Wt,% 
975+ 'F, wt.% 

Lignite Conversion m. 4e 32 
UIUWCted 100 790 

Lignite 740 740 

3.4 10.1 
3.9 13.7 

24.4 38.8 
8.8 9.5 
9.8 1.0 

H2 Consumption, wt.% 7.8 8.6 ...................................................................................... 

Table 2. 

Proximate and Elemental Analyses Data Obtained for Martin Lake Lignite and 
the Converted Residues 

Moisturea 
Ash 
Volatile Matter 
Fixed Carbon 

Carbon 
Hydrogen . 
Nitrogen 
Sulfur 
Oxygen (by difference) 
Oxygen (direct) 

Lignite Conversion 
4- A 4  32 

2.35 3.59 1.52 
13.35 25.93 43.57 
42.89 32.57 26.13 
43.76 41.50 30.30 

70.90 76.55 76.12 
5.1 1 5.03 5.76 
1.22 1.62 1.46 
1.60 2.52 5.22 

21.17 14.28 11.44 
21.76 18.20 17.98 

HIC (atomic ratio) 0.86 0.78 0.90 ...................................................................................... 
aMoisture values are on as-reciwed basis. 
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Table 3. 

Solid State 13C NMR Data for Martin Lake Lignite and the Converted 
Residues 

v _ae 
Carbon Types (total = 100) 

Total SP2 64.1 73.3 80.3 

- -  Carbonyl - -  Ring Aromatic 

* PhenolicIEthers 
* Protonated 
* Substituted 
* Bridgehead 

9.0 6.0 6.0 
54.9 66.1 73.8 

9.7 9.4 8.9 
19.8 25.9 29.1 
12.8 14.9 15.9 
12.1 16.6 19.9 

Table 4. 

Surfac Composition (wt.%, Relative) Data from XPS Analysis of Martin Lake ? Lignite and the Converted Residues 
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Table 5. 

Metal Composition (Wt.%) Data from ICP Analysis of Martin Lake Lignite and 
the Converted Residues 

Table 6. 

Maceral Composition Obtained from Petrographic Analysis of Martin Lake 
Lignite and the Converted Residues 

Lignite Conversion 
1 -6.4 3 2  

Vitrinites 58.2 51.4 41.2 

Inertinites 29.2 44.3 58.4 

* Fusinite 
Semifusinite 

* Micrinite 
Macrinite 

* Sclerotinite 

2.3 3.8 16.7 
22.7 36.4 32.8 

2.6 3.3 7.6 
1.4 0.8 1.3 
0.2 0.0 0.0 

Liptinite 12.6 4.3 0.4 

* Sporinite 10.0 3.5 0.4 * Resinite 2.1 0.8 0.0 * Cutinite 0.5 0.0 0.0 .__._____...----.-.-______._____________------..---------------------.---------------- 

I 

a 
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Figure 1. Infrared Spectrum for Martin Lake Lignite Coal and Low 
Conversion Residue. A) C-H Stretch; B) C=O Stretch. 
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SOLUBILIZATION OF HIGH RANK POCAHONTAS 
N 0 . 3  COAL 

Kuntal Chatterjee and Leon M. Stock 
Chemistry Division 

Argonne National Laboratory 
9700 South Cass Avenue 

Argonne, Illinois 60439. 

Reductive and non-reductive alkylation reactions are efficient methods 
of coal solubilization (1). C-Alkylation reactions using the strongly basic 
mixture of n-butyllithium and potassium rerr-butoude (called Lochmann's 
base) were successful for the near quantitative solubilization of Lower 
Kittanning coal (2). This contribution concerns the use of this reagent to 

promote C-alkylation of a high rank coal, Pocahontas No. 3, from the 
Premium Sample Program of Argonne National Laboratory. Evidence will 
also be presented to show that, apart from promoting C-alkylation, the basic 
reagent can alter the coal macromolecular structure by forming smaller 
fragments through hydrocarbon p-elimination reactions. - 
Materials, Pocahontas No. 3 coal, APCSP 5,  was supplied by the Premium 
Sample Program of the Argonne National Laboratory (Anal. C.91.1; H.4.4; 
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N, 1.3; S, 0.5; 0 (by difference) 2.7; ash 4.7). The coal samples were dried 
at 110 OC under vacuum for 48 h prior to use. 

n-Heptane (Aldrich) was shaken with concentrated sulfuric acid and 
subsequently distilled. The purified solvent was stored in the presence of 
molecular sieve 5A. Pyridine was purified by distillation over barium oxide. 
The alkyl iodides were obtained from Aldrich and were dried over molecular 
sieve 5A. The other chemicals such as n-butyllithium (1.6 M solution in 
hexane), potassium tert-butoxide. ammonium chloride and methanol were 
used as received from Aldrich Chemical Company. 

Reaction Procedure for the Coal Sarnole The C-alkylation reactions of the 
coal sample were c a n i d  out as reported earlier(2,3). n-Heptane (170mL), 
potassium rerr-butoxide (5.01g. 45 mmol) and n-butyllithium (30 mL, 1.6 M 
solution in hexane, 48 mmol) were added to a flame dried flask. The 
mixture was stirred at room temperature for 15 min, the coal sample (lg) 
was added, and the solution was refluxed for 6 h. The initial black solution 
turned brown when refluxing began. The alkyl iodide (55 to 60mmol) was 
added dropwise to this coal anion suspension, after cooling the flask at 0 
'C. The mixture was stirred for 48 h at room temperature to ensure 
complete alkylation of the coal anions. The residual base was quenched by 
adding ammoniumchloride and methanol. The solvents were removed by a 
rotary evaporator. The product was carefully collected and washed with an 
acidic solution of water and methanol (3:l by volume), aqueous methanol 
(3:l. 20L) and n-hexane (4L). The product was dried to constant weight at 
110 "C under vacuum for 48 h. A portion of each of the product was 
subjected to Soxhlet exaaction with pyridine. 
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In order to investigate bond cleavage reactions with bases, the coal 
anions were quenched with dilute acids instead of alkyl halides. The 
products thus obtained were washed and dried as usual and were subjected 
to pyridine extractions. In order to establish the optimum conditions for 
solubilization, the reaction conditions, the nature of base used, and the 
length of the alkyl group in the alkyl iodide were varied. The results are 
presented in the Tables. 

RESULTS 

The C-alkylation reaction of Pocahontas No. 3 coal (APCSP 5 )  with 
sodium amide in liquid ammonia was studied first. Previous work in our 
laboratory using sodium amide in liquid ammonia with another high rank 
coal, Lower Kittanning coal, PSOC 1197, gave signiticantly soluble alkylated 
products (4). As shown in Table I, the solubilty of the products increased 
with an increase in length of the alkyl group. With 45 mmol of the base 
per gram of coal, the octylated product was about 38% soluble in pyridine. 
It should be mentioned that the raw coal is only 5% soluble in pyridine. 

The solubility of the products increased when the base concenmtion 
was increased. With 15 mmol of sodium amide, the butylated product was 
only 13% soluble whereas with 200 mmol of the base, the butylated product 
was 46% soluble. 

When a stronger base was used to alkylate this coal, better results 
were obtained. The results of Lochmann's base promoted C-alkylations of 
Pocahontas No. 3 are summarized in Table 11. 



e 

When the coal was mated with Lochmann's base in refluxing 
heptane for 6 h and quenched with methyl iodide, the product was 45% 
soluble in pyridine (compared to only 12% with sodium amide). However, 
when the coal was butylated with n-butyl iodide, the solubilty of the product 
remained at 45%. In addition, when the coal was refluxed with the base 
for 18 h instead of 6 h, a 10% increase in solubilty was observed. Once 
again both the butylated and octylated products gave the same solubility 
(55%). 

We next probed for the occurrence of carbon -carbon bond 
cleavage reactions with very strong bases. The results are shown in Table 
In. Use of sodium amide in liquid ammonia at -75 "C, n-butyllithium at 98 
OC, potassium ten-butoxide at 98 "C and Lochmann's base at 98 'C show 
that only Lochmann's base provides any evidence for C-C bond cleavage. 

Non-reductive C-alkylation reactions of Pocahontas No. 3 coal 
with sodium amide in liquid ammonia convert the 5% soluble coal to a 
material which is 46% soluble. The increase in solubility with the increase 
in the size of alkyl group is in agreement with our previous results (4). 
The larger groups can disrupt the intermolecular polarization forces thereby 
enhancing solubilty. However, the fact that a higher concentration of the 
base enhances the solubilty to a greater extent suggested that other factors 
are also important 

Lochmann's base appears to be a superior reagent for the 
conversion of the coal into soluble materials. The extent of solubilization is 
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virtually independent of the size of the alkyl group. and the methylated and 
butylated products are equally soluble. When the coal was treated with the 
base for 18 rather than 6 hours, there was a modest enhancement in the 
solubilty of the product. 

The results in Table III suggested that a prominant reason for 
the high solubilty of the products obtained after Lochmann's base are due to 
carbon - carbon bond cleavage. When the coal sample was treated with 
Lochmann's base in refluxing heptane and quenched with dilute acid, the 
solubilty of the coal increased from 5% to about 35% depending on the 
time of reaction. Thus base treatment alone can convert the coal to soluble 
materials. We infer that the strong base forms carbanions that car. fragment 
via p-elimination as previously proposed (l(B), 5).  

CONCLUSION 

The Lwhmann's base system is more effective than any other 
base system for the C-alkylation and solubilization of high rank Pocahontas 
No. 3 coal. Our results suggest that coal carbanions undergo fragmentation 
to reduce the molecular dimensions. The solubilty realized by these 
fragmentation reactions is enhanced by C-alkylation reactions. 
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Table I. The C-alkylation of Pocahontas No. 3 coal with sodium amide in 
liquid ammonia. 

reaction conditions: base, solvent, electrophile solubility, wt% 

raw coal 5 

temperature, time in pyridine 

coal ; NaNH2 (45 mmol / g). 
NH3(l), -75 OC, 6 h 

C H ~ I  12 

coal ; NaNHz (45 mmol/ g), ~ - Q H ~ I  21 
NH3(l), -75 OC, 6 h 

coal ; NaNH2 (45 mmol / g), n-CgH17I 
NH3(l), -750C. 6 h 

coal ; NaNH2 (15 mmol/ 8). fl-C&I 
NH3(l), -750C. 6 h 

coal ; NaNHz (100 mmol / g), n-C&I 
NH3(l), -75oC, 6 h 

coal ; NaNHz (200 mmol/ g). n-CqHgI 
NH3(l), -75 OC, 6 h 

38 

13 

31 

46 
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Table II. The C-alkylation of Pocahontas No. 3 coal with Lochmann's base. 

reaction conditions: base, solvent, elecoophile solubility, wt% 
temperature, time in pyridine 

raw coal 5 

coal; n-BuLi + Kr-OBu (l:l),  
heptane, 980C. 6 h 

C H ~ I  

coal; n-BuLi + Kt-OBu (1:l). 
heptane, 980C. 6 h 

n-GHgI 

coal; n-BuLi + Kr-OBu (1:l). 
heptane, 980C. 18 h 

coal; n-BuLi + Kr-OBu (l:l), 
heptane, 980C. 18 h 

n-GHgI 

n-CgH17I 

45 

45 

55 

55 
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Table III. Base promoted solubilization reactions of Pocahontas No. 3 coal. 

reaction conditions product solubility, wt% 
recovered, 70 in pyridine 

raw coal 5 

coal ; NaNH;? (45 mmol / g), 
NH3(1), -75 OC, 6 h, protonation 

92 

coal ; N a W 2  (100 mmol / g). 99 
NH3(1), -75 OC, 6 h, protonation 

coal ; n-BuLi (45 mmol/ g), 
heptane, 98 OC. 6 h, protonation 

89 

coal ; Kt-OBu (45 m o l  / g), 
heptane, 98 OC,  6 h, protonation 

coal ; Lochmann's base (45 mmol / 
9). heptane, 98 OC. 6 h, protonation 

coal; Lochmann's base (45 mmol /g) 
heptane, 98 OC, 18 h, protonation 

91 

88 

105 

10 

32 

39 
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COAL LIQUEFACTION WITH MODEL SOLVENTS CONTAINING 
HYDROPHENANTHRENS AND/OR HYDROPYRENES 

Kevin Bate* and Graham Harrison 
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*now at Point of Ayr, Coal Liquefaction Project, 
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Keywords: E-donors, hydropknanthnes, hydrupyrenes. 

INTRODUCTlON 
The importance of the quality of the solvent in coal liquefaction is well known. Model solvent 
studies have helped to characterise and elucidate reactions occurring during coal liquefaction, 
paniculady coal dissolution but have been limited in that the model solvents chosen have not 
been very represcntativc of actual process solvents. Tetralin. the model solvent often used. is 
unlikely IO be present in a significant concentration in recycle solvents which tend to contain 
mainly three and four ring compounds. Studies using hydroaromatic compounds with three 
and four rings are more representative but again hardly represent the complex nature of recycle 
solvents. Consequently. there is a need to undertake studies using more complex model 
solvents. parlicularly lo cvaluatc the conuibution from individual hydrogen donon to coal 
dissolution. 

EXPERiMENTAL 
Sam~les of hvdromnated Dhenanlhrcne and hvdroeenated Dvrene were obtained bv 

~ -, 
hydrogenating theparent aromatic compoundLsini a CoMicatalyst under a high hydmgen 
overpressure at elevated temperatures. Some variation in reaction conditions did apply but 
typical conditions were: 200 bar H2 at 400012 for 2h, lOOg of aromatic and 5g of 3% Co/lS% 
Mo catalyst. All hydrogenations were conducted in a spinninufalling basket autoclave with the 
catalyst contained in a squat wire mesh basket as described previously (I). 
. Coal dissolution experiments were also carried out in the spinning/falling basket autoclave. 
The experiments used 3OOg of solvent and 150 g of air dried Point of Ayr coal (supplied by 
CRE). mainly at 42oOC with variation in run times from 1 to 6h. The proximate (mass %, air 
dried) and ultimate (mass%. drnmf) analyses of the coal sample were: proximate - ash 15.9, 
moisture 3.5 and volatites 27.8%; and ultimate -carbon 84.6, hydrogen 4.6, nitrogen 1.3, 
sulphur 1.3 and oxygen (by difference) 8.2%. The solvents used were denoted as follows: 
solvent A - hydrogenated phenanthrene; solvent B - 50 mass % hydrogenated phenanthrene 
plus 50 mass% phenanthrene; solvent C - 50 mass %. hydrogenated phenantlutne plus 50 
mass % pyrenc; solvent D - hydrogenated pyrene; and solvent E - 50 mass % hydrogenated 
P W m  plus 50 mass % hydrogenated phenanthrene. 

M e r  the dissolutions. undissolved material was removed by elevated pressure fduation 
(2 barN2 at 2000C) through a special unit described elsewhere@). The filter cakes were 
washed with dichloromethane (DCM) IO m o v e  entrained solvent at a DCM cake ratio of 5 :I;  
the solvent was removed by vacuum filtration and the cake was washed with funher portions of 
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DCM until the washings wcrc colourlcss. Samples of dricd washed filter cakes were analysed 
for their ash contents using a Lcco Proximate Analyser. 

The filtered coal liquid was separatcd by solvcnt fractionation into toluene-insoluble, tolune- 
solublehexane insoluble and hcxanc-soluble matcrials. The hexane-soluble matcrials were 
analysed by gc using an OVl0l capillaty column contained in a Perkin-Elmer Sigma 38 
Chromatograph equippcd with 'on-column' injcction. Similar gc analysis was carricd out on 
the starting solvcnts dissolvcd in hcxanc. - 
Analvsis of SolvcnLs 
The resul~s of thc quantitativc gc analysis of the livc modcl solvents are shown in table I .  The 
conlcnts of a c  various hydmammalic of phcnanthrcnc and pyrenc. including the separate 
gcomctric isomcrs as wcll as pcaks ch ractcriscd as products from cracking reactions during the 
hydrogcnations (butyltcmlin and biphcnyl) have tccn quantified. Characterisation of the 
chromatograms madc usc ol'markcr compounds and gc.ms information supplied by CRE. 
Unfortunatcly thc pcaks I'or the two gcomctric isomcrs of H@y and HloPy could not be 
allribulcd io thc spccilic isomcrs and arc rcfcrrcd to as H@yl, HspY2.H10py' and HloPy2 

In ligurc I ,  thc chmmatogram oflhc most complcx ofthe solvents (solvent E) is compared 
with that of a batch of rccyclc solvcnl (supplied by CRE). Although there was a diffcrence in 
Lhc ramp ra~cs for thc tcmpcraturc prognmmc for thc two chromatograms (5OC min -I for the 
rccyclc solvcnt. 8°C min - I  for solvent E). it is apparcnt h a t  many of the peaks for the recycle 
solvcnl chmmaiogram wcrc i n  common wilh lhosc for thc solvent E chmmatogram, showing 
thal solvcnt E would bc vcry rcprcscnuivc of an actual process solvcnt. 

Coal Dissolution - Commrison of Snlvcnt Pcrrormanccs 
Thc solvcnts wcrc comparcd ii i  :I scrics of coal dissolution cxpcriments conduclcd at 4200C for 
diffcreni times. Thc r c s u l ~ ~  for solvcnb A.B. D and E arc illustratcd graphically in figure 2. 
For solvcnl C only 2h duplicalc cxpcrimcnts wcrc conductcd, giving dissolutions (calculated by 
ash balancc and cxprcsscd on 'dnT' basis) of 69.2 and 69.4%; duplicate cxperimcnts were also 
carricd out Ihc solvcnl A for Ihc 211 run and gavc idcntical dissolutions 0172.4%. In spite of 
thc cxccllcnl repcalability nf the rcwlts, i t  is considcrcd that the value for solvent D ai 2h was 
abnormally high. 

The Iota1 hydrogcn donor cnntcnis of ihc starting solvents wcre evaluated from their gas 
chromalograms. For l l ic rccyclc solvcnis fractions aftcr dissolulion. it  was assumed that the 
hcxmc-soluble matcrial conlaincd 1hc rccyclc .solvent only and hcncc their hydrogcn donor 
contcnLs wcrc dclcrmincd from thc chromalograms of h c  hcxane-soluble fractions see 
(figure 3). This assumplion was rcasoniiblc since the starting solvcnts were soluble in hexane 
( S 9 . 5 8 )  but most of ihc mi1 fragmcnis produccd during dissolulion would not be and mass 
bdwcc calculation on Ihc soluhilily rcsulls indicated Ihat the proportion cxlracted by hexane 
corrcspondcd wcll with the mass of solvcnt in Ihc dissolution. 

Aftcr onc hour, solvcnt A (hydmphcnanthrcnes) dissolved 62.4% of 'daf' coal and its H- 
donor content was rcduccd from 2.3 IO I .4% i.c. by 39%. For solvent D after one hour. the 
H-donor conlcnt was reduccd by 61% from 1.8 to 0.7% for a dissolution of 72.4%. ARcr4h 
dissolution wilh solvcnl A, dissolulion incrcascd to 72.4% but donor dcpletion was only 57%. 
Hcnce hydropyrcncs induccd a highcr dissolulion aficr Ih bui used more of their H-donor 
contcnl lo producc thc samc dissoluiion, probably as a rcsulc ofproducing wasteful hydrogcn 
gas through dchydrogcnlalion without uiilising thc hydrogen for capping radicals. 

Solvcnl E. which conlaincd bolh hdmphcnanthrcncs and hydropyrcnes, effected a b u t  the 
samc dissolulion as solvcnt D a(icr Ih (71.9 ~ 7 2 . 4 % )  but utiliscd less of its H-donor content 
(49 vs 61%). Solvcnt B, which only has w initial H-donor content of 1.15%. showed the 
lowest dissolution (57.3% aflcr 2h) whcrcas solvcnt C with thc samc initial H-&nor content 
provided P dissolulion of  69.2% aflcr 2h. Thcrefore the addition of pyrenes to hydro- 
phcnanhrcncs induccs a grealcr dissolution lhan the addition of phenanthrenc, probablc 
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because pyrcne is more ablc to promote H-shuttling. The improved dissolution with solvcnt C 
was at the cxpcnse of a highcr H-donor depletion (61 vs. 52%). 

Coal Dissolution - Deolction of Individual Donors, 
Thc variation of the contents of hydrophcnanthrencs and phenanthrene with time is depicKd in 
Figure 4 for solvcnts A and E Figurc 5 shows similar plots for the hydropyrenes and pyrene for 
solvcnts E and D. The gcncnl trcnds in fiyrc 3 are: a gradual rise on the phenanthrene content 
becoming linearaftcr the first hour: a rapid fa11 on the H;?P and s- HgP contents. particularly 
over the first hour, an initial rise in the contcnt of H4P (due to it being produced from the 
dehydrogenation of s-HgP morc rapidly than it being lost by dehydrogenation to HzP) followed 
by a gradual fall; an an almost conslant (solvcnt E) or  small decrease (solvent A) in the wntent 
of a-HxP. Thc initial rapid dccrcasc in the contents of s-HgP and H2P corresponded with the 
initial incrcasc in the phcnanthmnc contents and Ihc dccrease was more rapid for solvent A 
bccause of thc ahscncc of hydropyrcncs which appcar to have a larger contribution then 
hydropyrcncs in thc carly stagcs of dissolution. 

Thc gcncral trcnds in f iprc 4 arc: a rapid incrcasc in the pyrene contcnt over the first hour 
after which the pymnc contcnl sccmcd IO approach a constant value; a rapid decrease in the 
contcnL$ of H4Py. thc two H6Py isomcrs and thc two HlOPy isomers: and an initial decrcasc in 
thc contcnlol. H2Py aftcr which thcrc was a tendency to approach a constant value, mirroring 
thc Py contcnt and suggcsting thiit an cquilhrium ratio of H2Py: Py was being approached. 

E over Ih. I t  can bc sccn that. apan from H2Py. thc hydropyrencs were depleted by similar 
cxtcnts and to much Iargcr cxtcnts Lhan the hydrophcndathrcnes. Therefore most of the 
hydmpyrcnc conlcnts in Ihc rccyclc solvent fraction will be lost morc rcadily than the 
hydrophenanthrcnc contents and. aftcr thc carly stages of dissolution, the only hydropyrenc 
rcmaining in a significant amount will by HzPy. For the hydrophenanthrenes. the HzPand 
s-HgP contcnts dcspitc bcing rcduccd quite quickly will still be in sufficient quantities to 
providc a supply of dornr hydrogcn after most of thc hydropyrenc content has been used. The 
conccntralion of a-HxP was not reduced. indicating it  has a higher stability towards 
dchydmgcnation. Howcvcr. its contcnt might bccome imponant in the later stages of 
dissolution whcn its nic ofdchydrogcntntion might bc sufficiently fast to provide hydrogen for 
capping thc radicals produced from clcavage of the more stable bonds bridging aromatic 
ccntres. 

calalytically cracked and stabilisation of the camat ions  produces should come from the 
hydrogcn hcld as hydridcs at the catalyst surfacc not demanding any solvent H-donation. 
However, thc sccond stage is oftcn opcratcd at higher tcmperatures and some thermally 
promoted cracking might take placc in thc bulk phase in which case the likely presence of the 
donors H2Py and a-HXP could bccomc imponant for funhcr radical stabilisation. 

Table 2 shows thc pcrccntagc rclativc dcplctions of the various hydrogen donors for solvent 

In a two-stage liqucfxtion process, bridging bonds surviving dissolution will be mainly 

, 

€cm€umm 
Thc rate of coal dissolution is improvcd by the prcsence of hydropyrcnes but thcse 
hydmaromatic compounds utilisc mom of their hydrogcn donor contents than do 
hydrophcnanthrcnes for thc same Icvcl of dissolution. Thc bcsi solvent is one containing both 
hydrophcnanthrcnes and hydropyrcncs and generally the contents of these compounds in actual 
P m S S  rccyclc solvcnt are high. Most of the coal is dissolved in the early stages and thereafter 
funher dissolution becomes cxpcnsive in terms of consumption of hydrogen donors i.e. most 
Of lhc donors are dehydrogenating at a much faster than the production of free radicals 
resulling in thc gcncration of wasteful hydrogen gas. Therefore it might be economic to 
SaCriticc some coal dissolution in order to maintain a bettcr solvent quality. 

with solvcnt rccyclc. it could bc that thc contcnu of the 'fastcr donors' are mt being properly 
madc up during solvcnt rchydrogcnation in the sccond stage rather than overhydrogenation of 
thc solvcnt to saturates. Conscqucntly i t  is imponant not only to monitor the total hydrogen 
donor contcnt of thc solvcnt but also to analysc thc solvent for its content of the various 

Ccnain donors will be dcplctcd morc rdpidly than olhers and, if dissolution stam to decrease 
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hydropyrenes and hydrophcnanthrcnes. a task that should be. possible by gc analysis of the 
solvent. Based on these asscssmcnts it should be possible to control the second stage 
conditions to ensure the current balnncc between hydrogenation and hydrocracking. 
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Fiqure 1. Gas chromatcqram for solvent E (ramp rate E0C min-') 
and a recycle solvent (ramu rate 50C min- l )  
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Fiqure 2. Plots of Dercentaqe dissolution vs time for the 
five model solvents A-E 

F i w e  3. Gas chromatogram of a hexane-soluble material fraction 
of a coal liquid 
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CLEAVAGE OF BENZYLAROMATICS AND THEIR RELEVANCE TO 
COAL CONVERSION 

D. F. McMillen, R. Malhoua, and D. S. Tse 
Chemical Kinetics Department, SRI International, Menlo Park, California 94025. 

KEYWORDS:. Mechanism, Liquefaction, Hydrogen-transfer, RHT, Bond-Cleavage. 

INTRODUCTION 

The mohes by which bonds are cleaved during coal liquefaction continues to be a subject of 
controversy, not only because the nature of the "critical" linkages in coals are not known with any 
certainty, but also because the detailed nature of some of the hydrogen-transfer reactions that lead 
to cleavage is still not fully understood. It is now fairly well agreed that ipso hydrogen 
displacement not involving free H-atoms can result in the cleavage of some coal-like structures 

,under liquefaction conditions (1-8). However, it is still a matter of debate whether such cleavage is 
(a) general for linkages to aromatic rings, (b) significant for coal liquefaction, and (c) takes place 
by the radical hydrogen-transfer (RHT) process, as has been claimed (1). In this paper we present 
data that indicate that cleavage not involving free H-atoms (i.e., a solvent-mediated 
hydrogenolysis) is general for linkages to aromatic rings (though at rates which vary widely with 
the nature of the ring system). We also discuss. in the light of this recent data, some previously 
reponed results that suggest such cleavages are indeed significant in coal liquefaction. Finally, we 
discuss those mechanistic alternatives to an actual RHT process that have not been eliminated by 
previous results. We defer all discussion of RHT itself or its specific mechanistic alternatives until 
the questions of generality of solvent mediated hydrogenolysis and its relevance to coal liquefaction 
have first been considered. 

RESULTS AND DISCUSSION 

Cleavage of Benzylaromatics. Figure 1 shows the measured rates of ipso- 
displacement of benzyl groups from arenes containing one to four aromatic rings in a 1:l mixture 
of anthracene and 9.10-dihydroanthracene at 400°C. These experiments were performed in sealed 
fused-silica ampoules containing 10 wt% subsuate in a 1:l anthracene/dihydroanthracene mixture, 
and u'ere analyzed by GC-MS. The measured rates are expressed as defined first-order rate 
constants. Displacement was observed in all cases, with the reaction becoming progressively more 
facile as the AHo for H-atom addition to the aromatics becomes more negative. While this cleavage 
is indeed extremely facile for alkyl-anthracenes and -pyrenes, as has recently k e n  noted by several 
authors (4,6,7,1 l), it is clear from the data in Figure 1 that it is general for substituted aromatics, 
rather than unique to pyrene and anthracene type structures as has been suggested (6). 

of 6 x lo3) in going from diphenylmethane to 1-benzylpyrene. This sensitivity is very similar to 
that observed by Futamura and coworkers (7) for reaction of diarylrnethanes in tetralin, and is far 
greater than would result from addition of highly reactive free H-atoms to the respective arenes to 
give the cyclohexadienyl radical cleavage intermediates. Reported H-atom addition rates (9) give 
an Evans-Polanyi factor less than 0.2 and an anticipated rate increase of less than a factor of ten for 
free H-atom addition to benzylaromatics in this series. Thus, there is linle doubt that some active 
H-donor other than H-atom itself is uansfemng hydrogen to the closed-shell reactants to generate 
the necessary cyclohexadienyl radical intermediate. 

The defined first-order rate constants increase by almost four orders of magnitude (a factor 
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Scheme 1. Cleavage of Benzylaromatics by H-Atom Transfer. 

Transfer of an H-atom directly from a dhydroaromatic (i.e., an RRD process) would 
cenainly exhibit high selectivity (higher even than RHT). However, the rough similarity of 
cleavage rate constants observed in solvents having vastly different C-H bond strengths, such as 
dihydroanthracene and dihydrophenanthrene (1,2,11.22), and even tetralin (7). have already 
demonstrated that RRD cannot, in all cases, constitute the stoichiometric and rate-determining H- 
transfer step. 

Significance for Coal Liquefaction. An explicit determination of the importance of 
cleavage by ipso-desubstitution in coal liquefaction, as noted above, is not possible at the present 
time. since the nature of the critical linkages broken during liquefaction cannot be determined with 
any certainty. However, as we have previously pointed out, (a) the ability of hydroaromatics to 
engender hydrogenolysis even in the absence of hydrogen pressures and catalysts, (b) the 
effectiveness of these known hydrogenolysis agents in coal liquefaction, and (c) the ineffectiveness 
of pure "scavengers", such as toluene, ethylbenzene and indane, together saongly suggest that 
hydrogenolytic cleavage of strong bonds is important in coal liquefaction (1.1 1.12-15). In 
addition to this descriptive evidence, we have shown several instances where the incorporation of 
strong-bond cleavage into the liquefaction mechanism pictures enables one to rationalize, and in 
some cases (15) even predict, coal liquefaction behavior that defies interpretation if one is limited to 
the traditional weak-bond scission picture of liquefaction. Studies by Zabransky and Stock (16) on 
coals with various structures grafted onto them very clearly showed that scission of strong bonds 
induced by the system was competitive with scission of the weak bonds. 

a very slow reaction and that other reactions, most notably H-abswction--P-scission, can also 
result in cleavage of strong bonds. Recently, Ceylan and Stock (17) have reported that 
demethylation of 1,3-dimethylnaphthalene in ternlidcoal mixtures occurs only to a minor extent 
(-1-470) in two hours at 40O0C, and is much slower than the H-abstraction--P-scission cleavage of 
1,3-diphenylpropane (-35% at 4WoC in 30 min.). We do not disagree with these results. Indeed, 
we find the rates reported by Ceylan and Stock for demethylation of 1.3-dinaphthylmethane to be 
in good agreement with those we had reported for the decomposition of 1.2'-dinaphthylmethane 
(1,W. 

However, in trying to judge whether hydrcdealkylation is a significant bond cleavage mode 
in liquefaction, we must remember that the H-abstraction--P-scission chain decompositions cannot 
be the critical bond cleavages that occur during coal liquefaction. H-absaaction--p-scission 
cleavages are recognized (5 )  to be very facile at 4OO0C, even under neat conditions, and are known 
not to benefit significantly from f e d i n  or other hydrogen donors. This type of bond cleavage 
makes the aliphatic portions of crude petroleums easy to thermally crack even in the absence of 
H-donors, but it does not lead to substantially increased distillate production rates in the presence 
of donors or other added sources of hydrogen (18,19). This behavior is of course in stark contrast 
to that of coals, whose liquefaction benefits enormously from "donor" solvents. Thus, while bond 
cleavages of the H-absuaction--P-scission type may indeed be more facile than the typical 
hydrodealkylation reaction, they are not necessarily the imponant category of cleavage. By the 
very fact that ispo desubstitutions sometimes occur only at modest rates and primarily in the 
presence of favorable reagents. they might properly be judged to be more "critical" than those 
cleavages which are more facile, and occur anyway. 

The importance of hydrodealkylation has been questioned on the grounds that it is generally 
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Furthermore, the rates of hydrodealkylation reactions are highly dependent on the n a k  of 
the aromatic ring system to which the linkage is connected, as shown in Figure 1. In addition to 
the effect of ring size, illustrated by the data in Figure 1. there. are- the steric and electronic effects of 
other substituents, notably alkyl and hydroxyl groups. In previous work involving hydroquinone- 
promoted dealkylation (20), we had observed that in dihydroanthracene the demethylation of 2- 
methyl-1-naphthol is -10 times faster than that of 2-methylnaphthalene. Given thedegree of 
phenolic substitution on aromatic ring systems in bituminous and lower rank coals, the cleavage of 
alkyl linkages to any given naphthalene ring system in a coal is very likely to be significantly 
higher than that of methylnaphthalene. For instance, had Ceylan and Stock used a methylnaphthol 
as their probe molecule, we anticipate they would have observed 20 to 30% demethylation in two 
hours at 400°C in their teualincoal-resid mixtures. 

, 

Finally, the cleavage rates for low molecular-weight model compounds are not necessarily 
indicative of how that same bond type will behave in a polymeric matrix such as coal. We have 
recently described (13) the "liquefaction" of a bibenzyl-type polymer, poly(l.4- 
dimethylenenaphthalene), in which the bond scission by hydrodealkylation was observed to be 
much faster than we had anticipated on the basis of monomeric model compound measurements. 
Furthermore, the net rate of spontaneous scission (homolysis) of the weak central bond was found 
to be much slower than one would anticipate from non-polymeric model compound measurements. 
We rationalized this latter observation by suggesting that the polymeric matrix provides an effective 
cage in which recombination of spontaneously produced benzylic radicals is drastically reduced. 
In contrast, bond scission by hydrodealhylation is a process not so easily reversed (since reversal 
involves an activated radical addition process to produce a highly unstable cyclohexadienyl 
radical). In fact, it appears that strong bond scission is enhanced in the polymeric system. Most 
likely, this is because every act of scavenging of polymer fragments by the donor 
dihydrophenanthrene produces a 9-hydrophenanthryl radical, which is capable of engendering 
hydrcdealkylation, in the vicinity of the polymer. Regardless of the cornmess of these 
explanations, the experimental result was that a hydrodealkylation expected to be some 300 times 
slower than a weak-bond homolysis had become, in the polymeric system, roughly as fast (13). 

For all of the reasons cited in the above paragraphs, we assert that the fact that non- 
polymeric, unhydroxylated, two-ring probe molecules cleave at the rate of only a few percent per 
hour does not constitute convincing evidence that cleavages by ipso-substitution are unimportant in 
coal liquefaction. On the conuaxy, the other evidence retierated above warrants the acceptance, at 
least as a working hypothesis, of the proposition that ipso-diplacement by hydrogen constitutes an 
important part of coal conversion under liquefaction and coprocessing conditions. Given this 
conclusion, it becomes more than a mere academic exercise to determine in greater detail how the 
hydrogen transfer which induces this cleavage is taking place. 

realm, several pathways for transfer of hydrogen leading to strong-bond cleavage have been 
considered (1,2,4,6,21,22). These pathways include radical hydrogen-transfer 0, reverse 
radical-disproponionation (RRD), also called "molecule-induced homolysis," concerted transfer of 
H2, and a multi-step process in which the hydrogen atom source is the same cyclohexadienyl 
radical carrier species that would be the hydrogen atom donor in RHT itself. Another alternative 
that cannot be categorically excluded is an electron-transfer--proton-aansfer sequence. Although 
we have been unable to find definitive evidence that would rule out this possibility, we consider it 
unlikely in systems where both the donor and acceptor are hydrocarbons. 

dihydroanthracene as the donor and high concentrations of substituted anthracenes as the acceptor) 
been shown (22) to constitute the stoichiomemc hydrogen-transfer step, but with other common 
donor components, such as 9.10-dihydrophenanthrene and 4.5-dihydropyrene. RRD has been 
shown (1,2) not to be a major contributor. Similarly, thermodynamic requirements make a 
concerted transfer of H2 much slower than sequential transfer in most cases of interest here (1,23). 
We have also previously presented evidence that a three-step indirect transfer process, such as that 
depicted in Scheme 2, is not responsible for the observed cleavage (1). However, recent 
experiments and calculations (6.8) have also raised additional questions (at least in the 
expenmentally and computationally accessible systems) about the specific direct transfer route we 

The Mechanism of Solvent-Mediated Hydrogenolysis. In the purely radical 

Reverse radical-disproportionation has in some cases (i.e., those with 9,lO- 
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had previously invoked (RHT). Therefore, in the paragraphs below, we reexamine the principal 
remaining possibility, namely the indirect route. 

Scheme 2. Three-Step H-Transfer Mechanism 

H-transfer by a Multi-Step Process. This route is comprised of three known 
elementary reactions: radical addition, intramolecular H-atom abstraction, and p-scission. 
Because this was a reasonable alternative to the invoking of a new reaction in RHT, and because it 
had been previously suggested as a likely alternative (2I), we discussed this possibility in detail in 
an earlier paper (1). At that time we ruled it out on the basis of two principal considerations. First, 
ipso H-uansfer by an indirect route requires initial radical-addition at some position other than 
ipso, usually ortho or para to the ipso position, depending on whether the donor radical is of the 9- 
hydrophenanthryl type or the 9-hydroanthryl type. In some cases this addition would be extremely 
electronically unfavorable, because ortho or para is a fused ring position. Second, because 
reversal of the initial addition is expected to bemany orders of magnitude faster than inuamolecular 
H-abstraction (1). we would anticipate many initial additions to different sites (i.e., not just those 
0- or p- to the substituent), including ipso aaack. Ipso attack should then lead to radical 
displacement products, which were often not observed. Since the recent experimental and 
theoretical work of Auuey and Franz (8), and of Freund et a1.(6), have raised additional questions 
abut  the viabilitiy of the RHT pathway itself, we felt it was desirable to provide additional 
experimental evidence on the matter. 

The most convincing evidence against the indirect route comes in fact from the 
displacement of 1-substituted pyrene derivatives -- ironically the same system whose reactions 
have caused Freund et al. (6) to invoke the indirect route. A feature of all indirect routes that 
commence with a radical addition is that subsequent intramolecular H-abstraction provides a set of 
linked aromatic systems in which the original donor framework again bears the free radical and the 
substrate portion has become a dihydro derivative. In other words, transfer of a single H-atom 
requires formation, as an intermediate, of a dihydro species. In the case of ultimate transfer of a 
hydrogen to the 1-position of pyrene, this intermediate would be a 1.2- or a 1.5-dihydropyrene. 
Both of these species are highly unstable (relative to the 4.5-dihydro species), since their formation 
requires destruction of the aromaticity of two of the rings of pyrene. Although there are no 
measured heats of formation available for these unstable dihydropyrenes, we can reliably estimate 
that the required inuamolecular H-abstraction reactions would be more than three orders of 
magnitude slower for reaction of pyrene derivatives than for reaction of naphthalene derivatives 
(Table 1). 

In contrast with these estimates, experimental results show that cleavage of pyrene 
derivatives is actually about two orders of magnitude faster than that of naphthalene derivatives. 
There is now not merely a quantitative mismatch between estimated and observed relative rates, but 
a qualitative inconsistency: those reactions which would have to be much slower, are actually 
much faster. Thus the increased susceptibility of pyrene linkages to ipso displacement that has 
been recently discussed (4,6) cannot be the result of a multi-step sequence of free radical reactions 
that has the same net result as the one-step RHT process. 
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CONCLUSIONS 

The experimental evidence now makes it clear that cleavage induced by H-transfer is 
general for benzyl and alkyl linkages to aromatic ring systems. The substrate and positional 
selectivities of this cleavage show that it cannot simply result from displacement by free H-atoms, 
and relative rates in different solvent systems show it cannot result merely from reverse radical- 
disproportionation. Comparison of the response of coal liquefaction on the one hand and H- 
abstraction--P-scission on  the other to the presence of donor solvents is a strong indicator that the 
latter type of strong-bond cleavage, while probably important in resid conversion, does not 
constitute the "critical" cleavage that distinguishes between better and poorer liquefaction systems. 
Finally. a multi-ste radical process for hydrogen transfer is ruled out by the sensitivity of linkages 
to the I-position ofpyrene, coupled with the marked instability of the 1.2- and 1.5-dihydropyrene 
intermediates that would be necessary in a multi-step process. 
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TABLE 1. 

Comparison of Measured Rates of Cleavage with Estimated Rates of 
Multi-Step Components for Naphthalene and Pyrene Derivatives. 

Estimated Rate Constantsa for 
Benzylaromatic expll Reaction of AHo lntramol 

kcaVmol 
kc1eavage.S.' 

3 x 10-6 5 x 10.8 

5.4 10-4 5 x 10-8 <4 x 1 0 3  >+14 

a. Rate consuns estimated according 10 the regimen and dam sources given in reference 11. 
b. Estimated by group additivity procedures a derribed in reference 23. and by comparison wilh measured heats of 

fonnation for closes1 available analogs, as given in reference 24. 
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Expected rate dependence i 

20 25 30 35 4 0  45 

-AH" (H-Atom Addition), kca9mol 

r 

Figure 1 Measured rates of cleavage of benzyl- and methyl- aromatics in anthracene/ 
dihydroanthracene at 400°C. as a function of the exothermicity of free H-atom addition. 

Measured and estimated AHo (addition) are laken from reference 1 1 .  They are, in kcalfmol: phenyl. -22; 
2-naphthyl. -26;  1-naphthyl. -27.9; 9-phenanlhryl. -33.8; I-pyrenyl. -38.9; and 9-anthryl. -43. 
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INTRODUCTION 

The decomposition mechanism of diarylmethanes has been extensi- 
vely investigated [l-51, and it is generally accepted that the 
decomposition occurs via the ipso-addition of a hydrogen atom 
transferred from hydrogen donating solvent or gaseous hydrogen. 
It is noteworthy that the feasibility of the hydrogen transfer to 
the ipso-positions of diarylmethanes depends not only on the 
species of hydrogen donating solvent, hydrogen pressure and cata- 
lyst, but on aromatic ring sizes [4,51. 
In the hydrogenolysis of di(1-naphthyl)methane(DNM) [5,6], hy- 

drogenated di(1-naphthyl)methanes(H-DNMs) were formed in addition 
to naphthalene(Np) and 1-methylnaphthalene(1-MN). We previously 
reported that at low temperatures, the selectivities of H-DNMs 
were dependent upon the catalyst used to a large extent [71. It 
is of significance to know how the reactivities of H-DNMs toward 
thermal decomposition or hydrocracking change with the degree of 
hydrogenation of H-DNMs. 

EXPERIMENTAL 
Materials 

DNM was synthesized according to the methods described 
in the previous paper [5] and 1,2-di(l-naphthyl)ethane(DNE) 
according to the method of BUU-Ho? [81. H-DNMs were prepared by 
hydrogenating DNM with Ni-Mo-S/Al2O3,,stabi1ized nickel or ultra 
fine metallic iron catalyst, respectively, as shown in Table 1. 
DNM and H-DNMs prepared were identified by GC-MS. Table 2 shows 
the structures of these compounds. The other substrates such as 
diphenylmethane 
(DPM) and 1,2-diphenylethane(DPE), and solvent dodecane were 
purchased commercially and further purified if necessary by 

. conventional methods. 

Thermal decomposition and hydrocracking of the substrates 
7.5 m o l  of a substrate, 30 ml of dodecane were put into a 90 . ml stainless steel, magnetically stirred autoclave. After being 

pressurized by hydrogen or nitrogen to 10 MPa, the autoclave was 
heated to a reaction temperature and kept for a prescribed period 
of time. Then, the autoclave was immediately cooled to room tem- 
perature in an ice-water bath. Thermal decomposition was usually 
carried out under nitrogen at 4OO0C, and hydrocracking in the 
presence of 0 . 5  g of FeS2 catalyst with 0.05 g of sulfur under 
hydrogen at 30OOC. 
The products were identified by GC-MS and quantified by GC. 

\ 
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RESULTS AND DISCUSSION 

Reactivities of DNM and H-DNMs toward thermal decomposition 
Figure l(a) shows the reactivities of DNM and H-DNMs mixture 

(MIX) toward thermal decomposition under nitrogen in the 
tempera-ture range 300-430°C. At 3OO0C, the thermal decomposition 
does not proceed for any substrate. Ditetralylmethanes(8H-DNM and 
8H’-DNM) slightly decompose at 35OoC. At above 4OO0C, 4H-DNM 
begins to decompose with concurrent increase in the DNM concen- 
tration, suggesting the occurrence of dehydrogenation of H-DNMs. 
Figure 1 (a) shows that the reactivities of H-DNMs toward thermal 
decompo-sition decrease in the order: 8H’-DNM > 8H-DNM > 4H-DNM. 
Although the thermal decomposition of DNM and 4H-DNM were pro- 
moted under hydrogen(Fig.Z(b)), the order of the reactivities did 
not change. 

8H-DNMs(l) was thermally decomposed. Figure 2 shows that in 
spite of low initial concentration of 8H’-DNM, the molar ratio of 
8H’-DNM to 8H-DNMs decreases steadily as the reaction proceeds, 
indicating that 8H’-DNM decomposes faster than 8H-DNM. As the re- 
action proceeds, the selectivities of the dehydrogenated products 
such as 4H-DNM and DNM, and that of a hydrogenated product, 14H- 
DNM increased, while those of the decomposed products such as 
tetralin(THN) and 5-methyltetralin(5-MT) decreased. These facts 
suggest that the disproportionation reaction concurs. The time 
profile of the product distribution for the thermal decomposition 
of 8H-DNMs(2) is illustrated in Fig.3. These results given in 
Fig.3 show that 8H-DNM is as reactive as 14H-DNM, but much lower 
than 8H’-DNM in reactivity. 
To clarify the different reactivities of 8H-DNM and 8H’-DNM, 

the thermal decomposition of DPM and DPE were separately carried 
out under the conditions similar to those for 8H-DNMs. As shown 
in Table 3 ,  in comparison with ca. 6% of conversion for DPE, DPM 
does not decompose at all. The bond dissociation energies of some 
diary1 hydrocarbons lised in Table 4 indicate that the aliphatic 
C-C bonds in DPE and DNE are thermally cleaved much more readily 
than the Ca,-Calk in DPM. By analogy of structural similarity 
between these compounds and octahydro-derivatives of DNM, the 
discrepancy in the reactivities of 8H-DNM and 8H’-DNM may be due 
to the different labilities of their breaking C-C bonds. 
On the other hand, compared to 8H-DNM and 8H’-DNM, DPM and DPE 

are much less reactive, respectively. The difference should be 
attributed to the hydrogen donating effect of tetralyl groups in 
ditetralylmethanes. Table 3 indicates that DNM and DNE decompose 
more readily than DPM and DPE, respectively, but they are less 
reactive than 8H-DNM and 8H’-DNM, respectively. Because neither 
gaseous hydrogen nor hydrogen donating solvent was used, the 
hydrogen consumed in the thermal decomposition of DNM and DNE 
should result from dodecane used as a solvent. In decalin 
solvent, DNM does not decompose at all, but DNE decomposes much 
the Same as in dodecane solvent. Two blank tests show that under 
the Same reaction conditions(400°C, 10 MPa of N2, 1 h), ca. 1% of 
dodecane decomposes, but that decalin does not. These results in- 
dicate that the hydr,ogenolysis of DNM occurs in dodecane solvent. 
ZOH-DNM derived from the complete hydrogenation of DNM shows even 
lower reactivitiy toward thermal decomposition than DNM. Compari- 
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son of the reactivities of the substrates listed in Table 3 
suggests that the intramolecular hydrogen transfer plays a signi- 
ficant role in the cleavage of R-CH2-R’, where the R and R’ 
denote aromatic or hydroaromatic rings. It could be also said 
that the thermal decomposition of H-DNMs, except for 2OH-DNM , 
includes hydrogenolysis primarily induced by the intramolecular 
hydrogen transfer. The reactivities of DNM and H-DNMs toward 
thermal decomposition decrease in the order: 8H’-DNM > 8H-DNM > 
4H-DNM > DNM > 2OH-DNM. 

Reactivities of DNM and H-DNMs toward hydrocracking catalyzed by 
FeS 
T g e  hydrocracking of  a mixture of DNM and H-DNMs was carried 
out at 3OO0C in the presence of FeSZ catalyst. Figure 4 shows 
that the reactivities of DNM and H-DNMs toward hydrocracking 
decrease in the order: DNM > 4H-DNM > 8H-DNM > 8H’-DNM, which is 
the reverse of that toward thermal decomposition(see above). The 
slight increase in the concentration of 8H’-DNM with the course 
of the reaction was observed, which may be due to the hydrogena- 
tion of DNM and 4H-DNM. 
Fig.5 shows the results of the hydrocracking of 8H-DNMs(l). In 

contrast to the relatively rapid hydrocracking of 8H-DNM, 8H’-DNM 
is hardly hydrocracked, partially because of its low concentra- 
tion. Fig.6 shows that in the hydrqcracking of 8H-DNMs(2), the 
rate for the hydrocracking of 8H-DNM is above tenfold greater 
than that of 8H’-DNM. A s  is consistent with the low reactivity of 
8H’-DNM toward hydrocracking, the yield of 1-methyltetralin(1-MT) 
is only small. As the hydrocracking of DNM and H-DNMs results 
principally from the ipso-addition of a hydrogen atom to an aro- 
matic ring under the reaction conditions, the different reactivi- 
ties of 8H-DNM and 8H’-DNM can be illustrated in Fig.7. In the 
hydrocracking of 8H-DNM, the ipso-position of both tetralin rings 
can be attacked by H-atoms, and as an intermediate produced after 
the hydrocraking, tetralyl-5-methyl radical is much more stable 
than tetralyl-1-methyl radical. Hence, 8H-DNM is expected to 
decompose much more readily than 8H’-DNM after the ipso-addition 
of a hydrogen atom. 
Table 5 shows the different reactivities of DPM and DPE, and 

those of DNM and DNE. DNE is mainly hydrogenated rather than 
decomposed. In general, hydrogen donating solvent scarcely shows 
its donating ability at a temperature as low as 3OO0C, especially 
in the presence of both gaseous hydrogen and an active 
catalyst [12-141. Thus, the difference in the hydrocracking reac- 
tivities between 8H-DNM and DPM, and those between 8H’-DNM and 
DPE should be primarily due to the ring size effect. Under the 
same reaction conditions, 2OH-DNM does not decompose at all. The 
order of the hydrocracking reactivities decreases: DNM > 4H-DNM > 
8H-DNM > 8H’-DNM > 2OH-DNM. The results may be explained on the 
basis o f  the hydrogen-accepting ability and adsorption ability 
[13,14] on the surface of catalyst used. They decrease in the 
order: naphthalene > tetralin > decalin. Because the hydrocrack- 
ing proceeds mainly on the surface of FeS catalyst via the 
attack(invo1ving ipso-addition) on the sutstrates by H-atoms 
dissociated, the synergistic effect can be expected in the 
hydrocracking of DNM and H-DNMs. 
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Whitehurst et al. [15] have proposed that coal reactivity in 
liquefaction reactions is affected by its chemical structure. 
Takegami et al. (161 and Maekawa et al. [17] suggested that coal 
liquefaction proceeds through cleavage of ether and methylene 
bridges connecting relatively small structure units, such as 
polycyclic aromatic and hydroaromatic rings. According to our 
results, therefore, the severe hydrogenation of aromatic moieties 
in coal structure is likely to decrease the reactivity of the 
coal hydrogenated in the catalyzed hydroliquefaction, but the 
partial hydrogenation of aromatic moieties in coal structure 
forms precursors which are labile to thermal decomposition. 

CONCLUSION 

1. Mono- and di-tetralylrnethanes, which are afforded in the 
partial hydrogenation of DNM, are more reactive than DNM toward 
thermal decomposition. This fact suggests that the intramolecular 
hydrogen donation plays a significant role in the thermal 
decomposition of hydrogenated dinaphthylmethanes. 
2. In hydrocracking with FeS di(1-naphthyllmethane decomposes 
rapidly, and the more fully2it is hydrogenated, the more slowly 
its hydro-derivatives decompose. 
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M I X  1 g, aooecane 
30 m l ,  initial N or 
H2 pressure 10 &Pa; 
A: before reaction, 
B: reaction at 3OO0C 

for 1 h, 
C: reaction at 350°C 

for 1 h after B, 
D: reaction at 4OO0C 

for 1 h after C, 
E: reaction at 43OoC 

for 1 hafterD; 
A tetralin(THN), 
A naphthalene(Np), 

l-methylnaphtha- 
lene(1 -MN), 
V 5-methyltetralin 
(S-MT), 

DNMr 
0 4H-DNMt 
O 8H-DNM, 
0 8H'-DNM 

Reaction Condition 
Fig. 1. Thermal decomposition of DNM and H-DNMs mixture(M1X) 

Reaction Time ( h ) 
2 3 5 
1 1 

8H-DNMS ( 1 ) 
1.5 m o l ,  

30 ml, 

10 MPa; 

dodecane 

initial N2 
pressure 

v decalin 
(DHN) r e 14H-DNM. 
The other 
marks are 
shown in 
Fig. 1. 

2 0  25 30 

Conversion ( % ) 

Fig. 2, Thermal decomposition of 8H-DNMs(l) at 4OO0C 
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Fig. 3. Thermal decomposition 
of aH-DNMs(2) at 400'C 

BH-DNMs(2) 7.5 mmol, dodecane 3 0  
ml, initial N2 pressure 10 MPa. 
The marks are shown in Figs. 1 
and 2. 
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Fig. 4. Hydrocracking of MIX 
with FeS2 catalyst at 300°C 

MIX 2 g, dodecane 30 ml, FeS 
0.5 g, sulfur 0.05 q ,  initiaf 
H2 pressure 10MPa. The marks 
are shown in Fig. 1 .  

Fig. 5 .  Hydrocracking 
of aH-DNMs(1) with 
FeS2 catalyst at 3OO0C 

8H-DNMs ( 1 ) 7.5 mmol, 
dodecane 30 ml, FeS2 
0.5 g, sulfur 0.05 g, 
initial H2 pressure 
10 MPa, 
V 1 -methyltetralin 
(1-MT). The other 
marks are shown in 
Figs. 1 and 2. 

Fig. 6 .  Hydrocracking 
of aH-DNMs(2) with 
FeS2 catalyst at 300'C 

BH-DNMs(2) 7.5 mmol, 
dodecane 30 r n l ,  
FeS 0.5 y, 
sulgur 0.05 q ,  
initial H2 pressure 
10 MPa. 
The marks are shown 
in Fig. 1. 
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Tco 1 

Fig. 7. Scheme for the hydrocracking 
of 8H-DNM and 8H’-DNM with FeS2 catalyst 

Table 1 Preparation conditions and comDositions of H-DNMs 

Run Prearation conditionsa H-DNMs Product distribution ( mol% ) 
DNM DHN cat. temp. time abbrev.b DNM 4H- 8H- 8H’- 14- 20H- Others 
( g )  (ml) ( 9 )  (“2) (h) 

I 

1 9.5 30 0.2‘ 250 24 MIX 12.6 33.5 32.0 10.6 0 0 11.3 
2 4 . 2  15 l.Od 45 10 8H-(1) 0 0 88 .7  8.6 1.0 0 1.7 
3e 5.0 15 0.5f 300 1 8H-(2) 0 0.9 29.6 48.6 14.8 0.5 5.6 
4 4.5 15 l.Od 150 4 20H- 0 0 0 0 0 93.1 6.9 

~~ ~ ~~~ 

‘.initial H2 pressure 13 MPa; b.yields were ca. : O X  for 8H-DNHs(2) 95% for 
MIX and nearly 100% f o r  8H-DNMs( 1) and 20H-DNM: ‘Ni-Mo-S/Al 03: ‘.stabli- 
zed nickel(Nikki,N-103); e.After reaction f o r  1 h, the reactfon was carried 
out for . 10 min with 0.05 g of s lfur to decrease the concentration of 
BH-DNM; Faultrafine of Feo(ca. 200 1 ) .  4H-: 4H-DNM, 8H-: 8H-DNM, 8H’-: 8H’- 
DNM. 14-: 14H-DNM, 20-: 20H-DNM, Others: unidentified products. 

Table 2 Molecular structure of DNM and 
H-DNMs identified by GC-MS analysis 

&I 
8H ’ -DNM 

(2, 

9, 
b 

b 

4H-DNM 

14H-DNM 

(2, ~ 

q2 
b 

b 
8H-DNM 

POH-DNM 
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Table 3 Thermal decomposition of H-DNMs 
and diarylalkanes at 4OO0C for 1 h 

Substrate Conv. Selectivity ( mol% ) 
( % )  DHN THN Np 5-MT 1-MN 1-EN To1 Others 

DNM 8.3a 0 0 50 0 50 - - 0  
DNE 46.8 0 0 0.7 1.3 86.9 0.6 - 10.5 
EH-DNMs(1) 19.3b 5.1 18.6 2.2 23.1 0.6 - - 50.4 

84.7' 

89.5' 
EH-DNMs(2) 22.6b 3.0 28.9 4.2 45.5 4.1 - - 14.3 

20H-DNM 'v 4 >SO - 
DPM 0 - 0 -  
DPE 6.0 - 

- - - - - - 
- - - - - 

- - - 15.9 84.10 - -  
substrate(s) 7.5 mmol, dodecane 30 ml, initial N2 pressure 
10 MPa; Tol: toluene, 1-EN: 1-ethylnaph halene, a.In 
decalin at 4OO0C, DNM does not decompose; '.conversion of 
8H-DNM; C'conversion of 8H'-DNM; Others: including hydro- 
and dehydro-derivatives for DNE, BH-DNMs(l), 8H-DNMs(2), 
and other alkylbenzenes for DPE. 

Table 4 Bond dissociation energies(BDE) 
of some hydrocarbons 

Bond BDE(kcal/mol) Reference 

Ph-Ph 100 9 
PhCH2-Ph 84,89 9,  1 
PhCH2CH -Ph 97 10 

NpCHz-CH2Np 50,55 9, 11 
PhCH2-C62Ph 56,62 9,  1 

Np denotes naphthyl group. 

Table 5 Hydrocracking of H-DNMs and 
diarylalkanes at 3OOQC for 1 

Substrate Conv. Selectivity ( mol% ) 
(%) THN NP 5-MT 1-MN 1-EN H-DNMs H-DNEs Bz To1 

~ ~~ 

DNM 87.4 2.3 48.1 1.8 42.3 - 2.9 - - - 
DNE 49.1 tr. 0 .9  1.4 1.2 0.2 - 86.1 - - 
8H-DNMs(l) 59.1a 50.2 0.5 48.0 0 - 0.2 - - - 
20H-DNM 0 0 0 0 0 -  - - - - 
DPM 6.1 - - - - - - - 28.0 35.0 
DPE 0 0 0  - - - - - - - 

- 
substrate(s) 7.5 mmol, dodecane 30 ml, FeS2 0.5 g, sulfur 0.05 g, 
initial H pressure 10 MPa; Bz: benzene; H-DNMs: hydro-deriva- 
tives of 8NE. The other abbreviations are defined in Figs 1, 2 
and Table 3 .  a.conversion of 8H-DNM. In the case of DNE, 8H- 
DNMs(1) and DPM, some unidentified products were obtained. 
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INTRODUCTION 

Recent progress in the chemistry of coal liquefaction has enabled 
us to envisage that radical-induced monohydrogen transfer is one 
of the key processes in the hydrogenolysis of strong bonds 
bridging aromatic units in coal[l-4]. We have succeeded in 
verifying that radical mechanism operates in the noncatalytic and 
Fe-catalyzed hydrogenolyses of reporter molecules such as trans- 
stilbene [SI and 9-benzylphenanthrene [6]. 

This paper intended to discuss 1 ) hydrogen transfer mechanisms 
for hydrogenolyses of the above compounds, 2) selectivities of 
benzylic radicals toward addition to aromatic nucleus and 
hydrogen abstraction in hydroaromatic hydrocarbon solvents, 3 )  
catalysis of Fe compounds in solvent-mediated hydrogen transfer 
processes, and 4) reactant dependent catalytic activities of Fe 
compounds such as Fe203, a-Fe, and Fel-xS. 

EXPERIMENTAL 

Materials 
9-Benzylphenanthrene (9-BP) and di(1 -naphthyl)methane (DNM) were 
synthesized according to the method described in the previous 
paper [41. trans-Stilbene and the solvents were commercially 
purchased and purified if necessary by conventional methods. a-Fe 
was prepared by reducing Fe203 in hyd og n streams at 45OoC for 
20 h. Its BET surface area was 14.2 m'g-'(Shimadzu 2200). Fel-xS 
was prepared by reacting a-Fe with a small excess of elemental 
sulfur in tetralin undy-qitrogen at 380'C for 30 min. Its BET 
surface area was 10.4 m g . The above catalysts were identified 
by X-ray diffraction analysis (Rigaku Denki RU-2OOA). After 
preparation, they were immediately immersed in l-methyl- 
naphthalene (1-MN) or in tetralin in a dry box under nitrogen and 
kept until use. 

Batch experiments 
A reaction solution consisting of a model compound and a 
hydrocarbon solvent with or without an Fe catalyst was put into a 
90 m l  SUS 316, magnetically stirred autoclave, pressurized by 
hydrogen or nitrogen. It was heated up to a reaction temperature 
and was kept there for 30 min. After the reaction, the autoclave 
was cooled by an electric fan to room temperature. 

Product analysis 
Benzyl(1 -methyl )naphthalene (BMN), 1 -benzylnaphthalene (1 -BN), 
and octahydrobinaphthalenes were identified by GC-MS (JEOL JMS- 
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DX300, equipped with a glass column (4mm diameter, lm length) of 
5 % OV-1 on Chromosorb W). 6-Benzyl-l,2,3,4-tetrahydronaphthalene 
(BTHN) and 6-(1,2-diphenylethyl)-1,2,3,4-tetrahydronaphthalene 
(DETN) were isolated by column chromatogr phy and vacuum 
distillation, and the were identified by MS, 'H-NMR (Varian EM 
360A (60 MHz)), and "C-NMR (JEOL JMN-GX-400 (400 MHz)). 

The reaction products collected with tetrahydrofuran were 
analyzed quantitatively by GC (Shimadzu GC-4C, equipped with a 
stainless column (4 m m  diameter, 4 m length) of 10 % OV-17 on 
Chromosorb W (DMCS)). 

RESULTS AND DISCUSSION 

Reaction products 
The spectral data of the reaction products obtained in the 
hydrogenolyses of trans-stilbene and 9-BP are as follows. 
BMNm/z: 232 ( 1 0 0 7 ,  217 (68), 115 (13). 
1-BN m/z: 218 (100, M+), 217 (55), 141 (17). 
BTHN m / z :  222 (62, M+), 131 (1001, 91 (36). 'H-NMR 6 in CC14 
(ppm) 1.69 (4H, ) ,  2.62 (4H. m ) ,  3.77 (2H, s ) ,  6.80 (3H, bs), 
7.09 (5H, bs). "C-NMR 6 in CDC13 (ppm) 23.24, 23.30, 29.01, 
29.39, 41.59, 125.89, 126.06, 128.36, 128.85, 129.17, 129.48, 
134.74, 137.06, 138.10, 141.44. 
DETN m / z :  312 (2.3, M+), 221 (loo), 91 (17). 'H-NMR 6 in CC1 
(ppm) 1.39-2.12 (4H, m ) ,  2.32-3.04 (4H, m ) ,  3.21 ( H, d, J=7.2 
Hz), 4.05 (lH, dd, J=7.6Hz), 6.56-7.48 (13H, m ) .  "C-NMR 6 in 
CDCl (ppm) 23.22, 23.24, 28.96, 29.44, 42.18, 52.75, 127.91, 
128.86, 128.12, 128.30, 128.34, 128.49, 128.64, 128.92, 129.12, 
134.82, 136.85, 140.46, 141.62, 144.63. 
The regiospecific formation of DETN and BTHN was described in the 
previous paper [ 5 I .  
1 , 1 I, 2,2', 3,3', 4,4'-Oc tahydrobinaphthalenes m /  z :  2 62 (22, M +  ) , 
131 ( l o o ) ,  130 (68), 91 (32). 1,2,3,4,5',6',7',8'-Octahydro- 
binaphthalenes m / z :  262 (50, M'), 130 (loo), 104 (84). 

Hydroqen transfer mechanism for the hydrogenolysis of trans- 
stilbene 
-__ trans-Stilbene can be a pertinent probe in order to verify 
hydrogen transfer mechanism and to characterize hydrogen donating 
abilities of solvents and activities of catalysts because the 
degree of stilbene isomerization can be a measure for mechanism 
determination, and dibenzyl cannot be dehydrogenated to trans- 
stilbene at 38OoC. 

Figure 1 shows the plot of the c&-stilbene content against the 
stilbene conversion. A fairly good linear correlation suggests 
that the stilbene isomerization cannot be ascribed to 
thermochemica 1 equilibration of trans- and cis - s t i 1 benes, 
supporting radical mechanism. A possible interm-e%yate could be 
1,2-diphenylethyl radical because the step from 1,2-diphenylethyl 
cation to dibenzyl is unlikely. In fact, the adduct of this 
radical to tetralin (DETN) was obtained in the hydrogenolysis of 
trans-stilbene in the presence of a-Fe. These findings may 
suggest that 1,2-diphenylethyl radical is an intermediate in the 
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hydrogenation of trans-stilbene. Since the acidity of a-Fe is 
negligible [ 7 1 ,  1,2-diphenylethyl radical stabilized on the 
surface of a-Fe could be trapped by tetralin solvent. 

Selectivities of benzylic radicals toward addition and hydrosen 
abstraction 
Table 1 summarizes some data on selectivities of benzylic 
radicals toward addition and hydrogen abstraction, which are 
relevant to radical-induced monohydrogen transfer from solvents. 
Dibenzyl added in the system of DNM and a solvent (Reaction 1) 
thermally decomposes to selectively give benzyl radicals. Their 
relative reactivity of addition to hydrogen abstraction is 0.01 5 
in tetralin and 0.033 in 1-MN. These findings are the first 
example of ipso-substitution by benzyl radicals, i.e., alkyl- 
dealkylation [ E l .  

This type of benzyl radical addition to the aromatic nucleus is 
promoted by a-Fe in the hydrogenolysis of 9-BP (Reaction 2), 
where only a low concentration of the benzyl radical is present. 

As described above, addition of 1,2-diphenylethyl radical to 
tetralin can be observed only in the presence of a-Fe, and the 
relative ratios of addition to hydrogen abstraction are around 
0.2 at initial hydrogen pressure of 1.0 to 6.0 MPa (Reaction 3 ) .  
On the other hand, Fel-xS promoted further hydrogenation to give 
dibenzyl in higher selectivities. When tetralin was used as 
solvent, trace amounts of octahydrobinaphthalenes were obtained 
only in the presence of a-Fe. 

In a binary solvent system of 9.1 0-dihydrophenanthrene (DHP) and 
1-MN, only dibenzyl was obtained from stilbenes with no formation 
of 1,2-diphenylethylphenanthrene or benzylphenanthrene. This 
fact can be ascribed to the rapid capping of 1,2-diphenylethyl 
radical by DHP, which is a superior hydrogen donor. 

The chemical behavior of 1,2-diphenylethyl radical could be 
affected by hydrogen donating ability of solvent and stability of 
solvent adduct itself. 

These data confirm that monohydrogen transfer predominates from 
hydroaromatic radicals such as tetralyl and hydrophenanthryl. 

Catalysis of Fe compounds in solvent-mediated hydrogenolysis of 
trans-stilbene 
Table 2 shows the effects of Fe catalysts and hydrogen pressure 
on the hydrogenation of trans-stilbene in 1-MN. Comparison of 
Runs 1 and 3 shows that catalytic hydrogen transfer from 1-MN to 
trans-stilbene is negligible, and only about 2 % of 1-MN is 
consumed in these cases. Direct hydrogenation of --stilbene 
by molecular hydrogen is rather slow in the absence of a-Fe in 
1-MN (see Runs 2 and 4 ) .  Fe ,S showed a comparable catalytic 
activity, but it was more elfective as hydrogenation catalyst 
than a-Fe. The differences in the --stilbene conversions and 
in the dibenzyl yields between Runs 1 ,  4 ,  and 5 give the baseline 
increments caused by the a-Fe-catalyzed hydrogenation of trans- 
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s t i l b e n e ,  a n d  c o m p a r i s o n  o f  R u n s  1 ,  7 ,  a n d  8 g i v e s  t h e  
c o r r e s p o n d i n g  i n c r e m e n t s  f o r  t h e  F e l  - , S - c a t a l y z e d  r e a c t i o n s .  

C o m p a r i s o n  o f  R u n s  9 ,  1 1 ,  a n d  1 4  ( T a b l e  3 )  c l e a r l y  s h o w s  t h a t  
i n t e r m o l e c u l a r  h y d r o g e n  t r a n s f e r  f r o m  t e t r a l i n  t o  - -s t i lbene  
i s  g r e a t l y  p r o m o t e d  b y  a - F e  a n d  F e l - x S .  D i b e n z y l  y i e l d  
i n c r e m e n t s  a t  6.0 MPa o f  h y d r o g e n  i n  t h e  p r e s e n c e  o f  a - F e  a n d  
F e l - x S  w e r e  4 5  a n d  63%, r e s p e c t i v e l y .  T h e  e x p e c t e d  i n c r e m e n t  
c a u s e d  b y  c a t a l y t i c  i n c o r p o r a t i o n  o f  m o l e c u l a r  h y d r o g e n  i s  n o t  
more t h a n  25% for  a-Fe (compare  Runs 2 a n d  5 )  a n d  26% f o r  Fel-xS 
( c o m p a r e  R u n s  2 a n d  8 ) .  T h u s ,  i n  t h e  s y s t e m  o f  H 2 - t e , t r a l i n - F e  
c a t a l y s t ,  - - s t i l b e n e  c o u l d  b e  h y d r o g e n a t e d  p r e d o m i n a n t l y  on  
t h e  c a t a l y t i c  c y c l e .  

Ogawa a n d  c o w o r k e r s  h a v e  s h o w n  t h a t  t h e  c a t a l y t i c  a c t i v i t y  o f  
F e l - x S  h i g h l y  d e p e n d s  o n  H2S p r e s s u r e  i n  t h e  h y d r o c r a c k i n g  o f  
d i p h e n y l m e t h a n e  w i t h o u t  s o l v e n t  a t  450°C[91.  A t  l o w  p r e s s u r e s  o f  
H2S, F e l  -,S is c o n v e r t e d  t o  FeS w h i c h  i s  less a c t i v e  t h a n  Fel -xS. 
H o w e v e r ,  our r e s u l t s  c l e a r l y  s h o w  t h a t  b o t h  o f  a - F e  a n d  F e l - x S  
p r o m o t e  t e t r a l i n - m e d i a t e d  h y d r o g e n  t r a n s f e r  f r o m  g a s e o u s  
h y d r o g e n .  S i n c e  d r y  c o a l  l i q u e f a c t i o n  i s  n o t  s o  f e a s i b l e ,  
c a t a l y z e d  s o l v e n t - m e d i a t e d  h y d r o g e n  t r a n s f e r  c o u l d  b e  a k e y  
r e a c t i o n  i n  c o a l  l i q u e f a c t i o n .  

R e a c t a n t  d e p e n d e n t  c a t a l y t i c  a c t i v i t i e s  o f  Fe compounds 
As T a b l e  4 s h o w s , t h e  c a t a l y t i c  a c t i v i t i e s  o f  Fe  c o m p o u n d s i n  t h e  
h y d r o g e n o l y s i s  o f  9-BP d e c r e a s e d  i n  t h e  o r d e r :  a - F e  > F e  S > 
Fe203.  T h e  a p p a r e n t  c a t a l y t i c  a c t i v i t y  of Fe203 c a n  b e  asdplxbed  
t o  t h a t  of a - F e  p a r t l y  p r o d u c e d  i n  t h e  d e o x y g e n a t i v e  r e d u c t i o n  o f  
F e  O 3  d u r i n g  t h e  c o u r s e  o f  t h e  r eac t ion .  The  a b o v e  o r d e r  i s  
d i g f e r e n t  f rom t h a t  f o r  t h e  h y d r o g e n o l y s i s  o f  - - s t i lbene  a t  
380°C.  A l m o s t  t h e  s a m e  p r o d u c t  d i s t r i b u t i o n s  w i t h  a - F e  a n d  
F e l - x S ,  a n d  n e g l i g i b l e  s u r f a c e  a r e a  c h a n g e s  o f  b o t h  t h e  
c a t a l y s t s  s u g g e s t  t h e  c a t a l y s t  d e p e n d e n t  a d s o r p t i o n  b e h a v i o r  o f  
9-BP, i.e., 9-BP is  s e l e c t i v e l y  a d s o r b e d  a t  i t s  9 , l O - p o s i t i o n  o n  
a - F e ,  w h i l e  9-BP i s  c o m p e t i t i v e l y  a d s o r b e d  a t  i t s  1 , 2 - ,  3 , 4 - ,  
5 .6- ,  7,8-, 9 , l O -  p o s i t i o n s  o n  F e l - x S  , [ l o ] .  F o r  r a d i c a l  A i n  
Scheme 1 ,  a b e n z y l  r a d i c a l  re lease is e n e r g e t i c a l l y  more 
f a v o r a b l e  t h a n  t h a t  o f  a h y d r o g e n  a t o m ,  p r o m o t i n g  t h e  
h y d r o g e n o l y s i s  o f  9-BP. On t h e  o t h e r  h a n d ,  r e v e r s i b l e  h y d r o g e n  
atom e l i m i n a t i o n  p r e d o m i n a t e s  o v e r  s u b s e q u e n t  h y d r o g e n a t i o n  f o r  
r a d i c a l s  B n, F, which  d e c r e a s e s  t h e  a p p a r e n t  c o n v e r s i o n  o f  9-BP. 

These  d a t a  s u g g e s t  t h a t  t h e  r e g i o s e l e c t i v i t y  o f  9-BP a d s o r p t i o n  
i s  los t  o n  F e l - x S  c o m p a r e d  t o  a - F e ,  a n d  t h a t  r a d i c a l s  B - F a re  
c o m p e t i t i v e l y  f o r m e d  a g a i n s t  r a d i c a l  A. 

T h e  l a c k  o f  s u c h  c a t a l y s t  d e p e n d e n c e  o f  t r a n s - s t i l b e n e  
h y d r o g e n o l y s i s  c a n  b e  a s c r i b e d  t o  t h e  s t r o n g e r  a d s o r b i n g  a b i l i t y  
of t h e  o l e f i n i c  m o i e t y  i n  - - s t i lbene .  

F i g u r e  2 shows t h e  r e l a t i o n s h i p  b e t w e e n  t he  9-BP c o n v e r s i o n  a n d  
t h e  y i e l d  o f  n a p h t h a l e n e  d e r i v e d  f r o m  t e t r a l i n .  A g o o d  l i n e a r  
c o r r e l a t i o n  s u g g e s t s  t h a t  t h e  b i m o l e c u l a r  hydrogen  t r a n s f e r  f r o m  
t e t r a l i n  t o  9-BP i s  p r o m o t e d  by a-Fe  and  Fel-,S. 
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CONCLUSION 

We have shown that in the noncatalytic and Fe-catalyzed 
hydrogenolyses of trans-stilbene and 9-benzylphenanthrene, 
radical mechanism operates, and that bimolecular hydrogen 
transfer from solvents is promoted by a-Fe and Fel-xS without 
overhydrogenation of aromatic nuclei. 
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Table 1 Selectivities of Benzylic Radicals toward Addition and 
Hydrogen Abstraction. 
Reaction Solvent Catalyst Radical AdditionlH abstraction 

1 Tetralin None Benzyl 0.015 [bl 
1 1 -MN None Benzyl 0.033 [bl 

2 Tetralin a-8'e3 , Benzyl 0.057 [cl 

2 1 -MN a-$e Benzyl 0.14 [dl 

3 Tetralin None [a1 1.0 
3 Tetralin a-Fe [a1 0.21 [el 

2 Tetralin Fe 0 Benzyl 1.0. 

2 Tetralin Fel -,S Benzyl 1.0 
2 1 -MN Fe O3 Benzyl 1.0 

2 1 -MN Fel -,S Benzyl 1.0 

3 Tetralin Fel-$ [a] 1.0 

Reaction 1: hydrogenolysis of DNM in the presence of dibenzyl 

Reaction 2: hydrogenolysis of 9-BP in the presence of' Fe 

Reaction 3: hydrogenolysis of --stilbene in the presence of 

a: 1,2-Diphenylethyl. b: [l-BN]/[toluenel; c: [BTHNl/[toluenel; 

(0.5-1.0 mol equiv.) under hydrogen (2.0 MPa) at 460°C. 

catalyst (0.5 mol equiv.) under hydrogen (6.0 MPa) at 45OoC. 

Fe catalyst under hydrogen (1.0 MPa) at 380°C. 

d:  [BMN]/[tolUene]; e: ([DETNl+ [BTHNl)/[dibenzyll. 
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Table 4 Additive Effect of Fe Catalysts 
on the Hydrogenolysis of 9-BP in Tetralin 
(Tet). 

Catalyst Conv. Selectivities of 
of 9-BP To1 BTHN Phen DHP 

None 4% 100% nd. 80% 3% 
Fe O3 20 90 tr. 8 3  10 ,-A 7 2  8 7  5% 92 8 
Fe1 -,s 39 8 7  tr. 8 2  10 

9-BP 7.5 m m o l ,  Tet 7 5  m m o l ,  Fe catalyst 
3 . 7 5  m m o l  of Fe, initial hydrogen 
pressure 6.0 MPa, 45OoC, 30 min. 
Tol=Toluene, Phen=Phenanthrene. 
Nd. and tr. denote 'not detected' and 
'traces', respectively. 

. 
. 

,L 
O--U 

10 2 0  30 40 50 60 70% 

--Stilbene conversion/mol% 

Fig. 1 Correlation of the --Stilbene 
Conversion and the *-Stilbene Content in 
the Hydrogenolysis of trans-Stilbene at 
380'C. 0 DHP-1 -MN, Fe CctTFDHP-1 -MN, no 
cat. W Tetralin, Fe cat. 0 Tetralin, no 
cat. A1-MN, Fe cat. A1-MN, no cat. 
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a-Fe ./ 
50- / /. Fe’-xS 

None/. Fe203 
0 0 8 

I I 

0 1.0 2.0 3.0 4.0 5.0 
Yield of naphthalene /mol% 

Fig. 2 Relationship between the 9-BP Conversion 
and the Naphthalene Yield in the Hydrogenolysis of 
9-BP in Tetralin. 9-BP 7.5 mmol, tetralin 75 m m o l ,  
initial hydrogen pressure 6.0 MPa, 45OoC, 30 min. 

Scheme 1 
BP . Mechanism for the Hydrogenolysis of 9- 
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INTRODUCTION 

The bimolecular t r a n s f e r  o f  hydrogen atom from an organic r a d i c a l  t o  an 
o l e f i n  o r  aromatic system, known as the rad i ca l  hydrogen t rans fe r  (RHT) 
react ion,  has been proposed as an important pathway f o r  hydrogen t rans fe r  i n  
l i q u i d  phase py ro l ys i s  react ions anf-3, an important pathway f o r  se lec t i ve  
bond cleavage i n  coal l i que fac t i on .  

repyr ted by Metzger,* fo l lowed almost simultaneously by a study o f  B i l lmers  e t  
a l .  I n  Metzger's work, the rad i ca l  add i t i on  o f  cyclohexane t o  
dimethylfumarate and methyl cinnamate a t  250 t o  400 "C was examined: 

Experimental ob e rva t i on  o f  the RHT reac t i on  was apparently f i r s t  

R ~ - C H = C H - R ~  t C - C ~ H ~ ~  - - - - >  R~-cH,cH(c,H,,)R~ t R ' C H ( C ~ H ~ ~ ) C H ~ R ~  

1 2 3 4 

t Cyclohexene t R1-CH2CH2-R2 (1) 

5 6 

( a )  R1 = R2 = COOCH3 (b) R1 = Ph, R2 = COOCH3 

The reaction, which e x h i b i t s  a chain l eng th  o f  100, i s  i n i t i a t e d  by hydrogen 
t rans fe r  from cyclohexane t o  1. Reversible add i t i on  o f  cyclohexyl r a d i c a l  t o  
1 followed by abs t rac t i on  from 2 leads t o  3 and 4. The formation o f  reduced 
product 6 i s  suggested t o  occur v i a  the RHT reac t i on  o f  cyclohexyl r a d i c a l  
w i t h  1: 

C - C , H ~ ~ ( . )  t 1 - - - - >  5 t R'-cH,cH(.)-R~ (2) 

7 

(a) Operated f o r  the U. S. Department o f  Energy by B a t t e l l e  Memorial 
I n s t i t u t e .  
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Chain propagation occurs by reac t i on  o f  7 w i t h  cyclohexane t o  produce the RHT 
product, 6: 

7 t c - C ~ H ~ Z  - - - - >  6 t C-C6H11(*) ( 3 )  

Chain propagation a l so  occurs by abs t rac t i on  o f  hydrogen atom from cyclohexane 
by the adducts o f  cyclohexyl rad i ca l  t o  1. An a l te rna te  mechanism f o r  
formation o f  6, t h e  sc i ss ion  o f  hydrogen atom from cyclohexyl r a d i c a l  and 
add i t i on  o f  the H atom t o  1, leading t o  6, was r u l e d  out, based on the  
observed f i r s t  o rde r  dependence on 1 f o r  t he  formation o f  6. 
hydrogen (H2), which would have revealed the  production o f  He, was no t  
analyzed i n  the reac t i on  mixture.  From the chain l eng th  o f  the react ion,  the 
y i e l d  o f  6 produced i n  the i n i t i a t i o n  step was suggested t o  be i n s i g n i f i c a n t .  

Metzger's r e s u l t s 6  are indeed su rp r i s ing ,  s ince they imply a very low 
b a r r i e r  f o r  the RHT react ion.  
cy l o  exyl r a d i c a l  i s  given by k = 5 x 10 exp(-36000/RT), o r  k = 1.2 x 10' 
N-'s-' a t  400 'C. For RHT t rans fe r  o f  hydrogen t o  the o l e f i g ,  to'occur 10 
times f a s t e r  than @-sc i ss ion  o f  f ree  hydrogen a t  t he  5 x 10- M concentrat ions 
o f  1 employed, an RHT b a r r i e r  o f  on l y  9.7 kcal/mole would be required. 
RHT t o  occur 100 t imes f a s t e r  than f r e e  hydrogen atom production requ i res  an 
RHT b a r r i e r  f on1 6 6 kcal/mole. This assumes a t y p i c a l  b imolecular  A-  
f a c t o r  o f  1 8 . 5  M-Ys-1 f o r  RHT. 

9,lO-dihydroanthracene (ANHZ) t o  2-ethylanthracene (EAN) t o  form 9,lO- 
dihydro-2-ethylanthracene (EAHZ) and anthracene (AN). The k i n e t i c  order  o f  
t h e  non-chain r e a c t i o n  and the  observed Arrhenius dependence were consis tent  
w i t h  a mechanism invo lv ing  rate-determin ing reverse rad i ca l  d i sp ropor t i ona t ion  
(RRD) (eq. 4). Other key steps inc lude production o f  EANH(.) by RHT, eq 5, 
and formation o f  t he  product EANH2 i s  by d ispropor t ionat ion (eq. 8) o r  
abs t rac t i on  (eq. 9). 

Unfortunately, 

The r a t e  of lg-scission o f  hydrogen from 

For 

The study o f  B i l lmers  e t  a1.,7 examined the t r a n s f e r  o f  hydrogen from 

ANHZ t EAN ;I:;> ANH(.) t EANH(.) ( 4 )  

ANH(.) + EAN - - - - >  AN t EANH(*) (5) 

ANH(.) + EANH(.) - - - - >  AN t EANHZ (6) 

2 ANH(*) - - - - >  ANHZ t AN (7) 

2 EANH(*) - - - - >  EAN t EANH2 (8) 

EANH(.) + ANHZ - - - ->  EANHZ t ANH(.) (9) 

B i l lmers e t  a1.' found t h a t  the r a t e  o f  formation o f  EANH2 was decreased by 
increas ing the r a t i o  ANIANH2 a t  f i x e d  concentrat ions o f  ANHZ and EAN i n  the 
i n i t i a l  reac t i on  mixture. This  i s  presumed t o  be due t o  the reverse o f  eq. 5. 
From an analys is  o f  the reduc t i on  o f  the r a t e  o f  prodyct ion o f  EANH2 w i t h  
increas ing AN/ANH2, k - 5  was estimated t o  be 120 N- s- a t  350°C, o r  E-5  = 18.3 
kcal/mole. 
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In a relatgd study of hydrogen transfer between 9,10-dihydrophenanthrene 
and anthracene, 
rate constant k = 7.5 x 10 !f s- at 350 "C, corresponding to E = 13.3 
kcal/mole. 
the barrier was lowered fully as much as the enthalpy change for the reaction 
compared to the thermoneutral transfer between anthracenes, -5 kcal/mole. 
This corresponds to an Evans-Polanyi factor of ca. 1 for the reaction, whereas 
hydrogen atom metathesis reactions usually exhibit Evans-Polanyi factors of 
0.5 or less.  
to be equally well represented by a 3-step sequence of addition of 
hydrophenanthrenyl radical to anthracene, intramolecular hydrogen atom 
transfer, and radical scission to give phenanthrene and 9-hydroanthracenyl 
radical, without postulating the unconventional RHT reaction. 

(2-phenylethy1)cyclohexadienyl radical, 8, (eq. 10). Intramolecular hydrogen 
shift from the cyclohexadienyl ring to the j&$~ position of the phenyl ring, 
followed by @-scission would have given benzene and ethylbenzene as products. 

computer godelinp of the observed kinetics led to an "RHT" 

If correct, this is a surprisingly low activation babier, since 

The authors point out that the reaction kinetics are suggested 

In recent work,' we examined the intramolecular RHT reaction of the 2- 

8 

Competing with this reaction is 8-scission to give benzyl radical and 
isotoluene, or hydrogen loss to give bibenzyl. 
235 'C for this near-thermoneutral reaction. The ratio of H- loss (or the 
isoenergetic p-scission) to RHT, determined by product detection limits, "88 
grfat r than 1OO:l. The predicted A-factor for intramolecular RHJ, A1=-10 * *  
H' s-', and the predicted rate constant for H atom loss,  7.7 x 10 H- s , 
results in a minimum barrier for the intramolecular RHT reaction of 23 
kcal/mole for the slightly endergonic hydrogen transfer (AH" = 0.5 kcal/mole). 
In research currently under way, we are preparing exothermic analogues of 
intramolecular RHT to attempt to 'unambiguously observe, in a stereochemically 
restricted system, a "true" RHT reaction with no possibility of free H atom 
involvement. 

transfer in the RHT reaction between aromatic systems o f  ca. 18 kcal/mole. 
None of the studies of RHT or equivalent mechanisms have attempted to directly 
observe H , and direct determination of Arrhenius parameters and a detailed 
examinatign of the pathway of the hydrogen transfer process remains to be 
carried out. 

carried out a semiempirical molecular orbital study of bimolecular and 
intramolecular RHT reactions for a variety of aromatic systems. 
examined in detail the energetics of hydrogen transfer between ethyl radical 

No detectable RHT occurred at 

In summary, studies to date suggest a barrier for thermoneutral hydrogen 

To better understand the structural and energetic aspects of RHT, we have 

We also 
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and ethylene v i a  RHT, an addition/metathesis/scission .pathway, and a hyb r id  
"concerted" pathway. 

RESULTS AN0 DISCUSSION 

AM1/RHFIO t r a n s i t i o n  s tates were located f o r  hydrogen t rans fe r  react ions 
from the  cyclohexadienyl rad i ca l  t o  benzene, the iDso p o s i t i o n  o f  toluene, the 
1 -pos i t i on  o f  naphthalene, and the 9 -pos i t i on  o f  anthracene. I n  addi t ion,  RHT 
t r a n s i t i o n  s ta tes  were located f o r  thermoneutral hydrogen t rans fe r  between 
naphthalenes (1 -pos i t i ons )  and anthracenes (9-pos i t ions) ,  Snd the 
thermoneutral RHT reac t i on  between e thy l  rad i ca l  and ethylene was examined. 
I n  each case, t h e  hydrogen i s  caused t o  migrate t o  the o l e f i n i c  o r  aromatic 
carbon. 

between p a i r s  o f  benzene, naphthalene, and anthracene r i ngs .  AM1 ca l cu la t i ons  
of ten r e s u l t  i n  b a r r i e r s  tha t  are higher than experimental values f o r  
react ions i nvo l v ing  s t re tched bonds i n  open-shell  systems. 
abst ract ion b a r r i e r s  predic ted by AM1 are o f ten  i n  good agreement w i t h  
experimental values. 
f o r  the symmetric hydrogen abst ract ion reac t i on  from cyclohexadiene by the  
cyclohexadienyl rad i ca l ,  i n  good agreement w i t h  thermoneutral abs t rac t i on  
react ions o f  a l k y l  r a d i c a l s  from alkanes, whicPl i n  the absence o f  s t e r i c  
e f fects ,  e x h i b i t  b a r r i e r s  o f  ca. 14 kcal/mole. 
f i n d  t h a t  the nominal ly  s i m i l a r  RHT react ions gave subs tan t i a l l y  higher 
ba r r i e rs .  Table I 1  presents r e s u l t s  f o r  t ransfer  o f  hydrogen from 
cyclohexadienyl t o  aromatic systems. For  purposes o f  comparison, Table I 1 1  
gives ca lcu lated and experimental values o f  C-H bond d i ssoc ia t i on  energies and 
a c t i v a t i o n  b a r r i e r s  f o r  hydrogen loss from hydroaryl and e thy l  rad i ca l s .  
Although a t o t a l l y  s a t i s f a c t o r y  c a l i b r a t i o n  o f  t he  AM1 method f o r  t he  present 
category o f  react ions i s  not  possible, t h e  overestimations o f  C-H bond 
d i ssoc ia t i on  energies f o r  hydroaryl r a d i c a l s  suggest t h a t  the ca lcu lated 
AMl/RHF RHT b a r r i e r s  are 25 t o  50% higher  than t h e  actual values. 
Table I V ,  b a r r i e r s  f o r  in t ramolecular  RHT react ions are presented f o r  2, 3 ,  
and 4-carbon ,bridging 1 inkages. 

Although t h e  AM1 method has obvious l i m i t a t i o n s ,  some i n t e r e s t i n g  
observations are poss ib le :  (1) RHT b a r r i e r s  f o r  thermoneutral hydrogen 
t rans fe r  react ions are predic ted t o  be c lose ly  spaced, w i t h  a s l i g h t  increase 
i n  b a r r i e r  going from benzene t o  anthracene. Thus, the hydroaryl r a d i c a l s  
t h a t  have the s t rongest  C-H bonds correspond t o  the aromatic systems best able 
t o  s t a b i l i z e  the  l i b e r a t e d  hydrogen atoms. ( 2 )  The predic ted b a r r i e r s  drop 
dramat ica l ly  as the  hydrogen t r a n s f e r  react ions become more exothermic, such 
tha t  t he  b a r r i e r  f o r  t r a n s f e r  between cyclohexadienyl and anthracene i s  low 
enough f o r  the reac t i on  t o  be observable a t  moderate (< ca. 250°C) 
temperatures. The dramatic drop i s  reminiscent o f  the drop i n  b a r r i e r  f o r  
hydrophenanthrenyl H t r a n s f e r  t o  anthracene vs. thermoneutral t r a n s f e r  
between anthracenes.' (3 )  I n  every case, the a c t i v a t i o n  b a r r i e r  f o r  RHT i s  
below t h a t  of f r e e  hydrogen atom production. 
w i t h  2-, 3- and 4-carbon bridges between the two benzenoid aromatic systems 
resu l t s  i n  c l o s e l y  spaced ac t i va t i on  ba r r i e rs ,  h igher  by 2 t o  4 kcal/mole than 
thermoneutral in termolecular  RHT react ions.  

Table I 1 i s t s  a c t i v a t i o n  b a r r i e r s  f o r  thermoneutral t rans fe r  o f  hydrogen 

However, hydrogen 

For  example, AMl/RHF p red ic t s  a b a r r i e r  o f  18 kcal/mole 

Thus, i t  was su rp r i s ing  t o  

F i n a l l y ,  i n  

F i n a l l y ,  (4) in t ramolecular  RHT 

The question becomes whether RHT 
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w i l l  compete w i t h  f r e e  H. r eac t i on  o r  w i t h  the more conventional addi t ion/  
t ransfer /sc iss ion pathway f o r  hydrogen t rans fe r .  

The A d d i t i o n / T r a n s f e r / k i  ss ion Pathway 

ethylene, 40.0 kcal/mole, i s  found t o  be l ess  than the  b a r r i e r  f o r  hydrogen 
scission, 52 kcal/mole, but  remains a high energy pathway. 
a l t e r n a t i v e  pathway t o  RHT, t h a t  o f  addit ion, metathesis, and sc iss ion,  we 
examined the  reac t i on  o f  e thy l  t ethylene. The r e s u l t s  o f  a map o f  several 
poss ib le  surfaces i s  depicted i n  Figure 1. Throughout the ca l cu la t i on ,  t he  
C443 and C1-C2 bonds were constrained t o  be planar. 
energy p r o f i l e  f o r  add i t i on  o f  e thy l  t o  ethylene t o  y i e l d  an ec l ipsed bu ty l  
rad i ca l  ( the trans conformer i s  ca lcu lated t o  be 5 kcal/mole more s tab le) .  
The upper surface i n  Figure 1 shows the energy as a func t i on  o f  the C2-C3 
distance, w i t h  equal Cl-H-C4 distances a t  the p o s i t i o n  o f  maximum energy, 
corresponding t o  the  energy b a r r i e r  f o r  hydrogen migrat ion from C 1  t o  C4. 
energy gap labeled A shows the b a r r i e r  f o r  1,4-hydrogen t rans fe r ,  which i s  
l ess  than t h a t  o f  8-sc iss ion.  The energy gap 6 corresponds t o  RHT v i a  a 
c y c l i c  t r a n s i t i o n  s ta te  s t ructure.  
than the a c y c l i c  t r a n s i t i o n  s ta te  s t ruc tu re  i n  which C2 and C3 do no t  
i n t e r a c t .  I t  i s  
ene rge t i ca l l y  the l e a s t  favored react ion path. 
conventional addi t ion/  t ransfer /sc iss ion pathways may be favored by enthalpy 
over the d i r e c t  RHT path, and tha t  the RHT b a r r i e r  i s  reduced (6  i n  Figure 1) 
by the i n t e r a c t i o n  o f  the two p i  systems. Also, the p o s i t i o n  o f  the upper 
curve between 1.5 t o  1.8 A below the @-sc iss ion t r a n s i t i o n  s t a t e  energy ra i ses  
the p o s s i b i l i t y  t h a t  the addition/transfer/scission pathway might become 
concerted a t  su i tab l y  high temperatures. 
e f f e c t s  w i t h  RHT between aromatic systems i s  underway. 

F i n a l l y ,  the lower predic ted ba r r i e rs  f o r  addition/metathesis/scission i n  
t h i s  system may mean t h a t  in t ramolecular  RHT react ions t h a t  are 
:tereochemically precluded from the addit ion/metathesis pathways (and are t r u e  
RHT" react ions)  may a c t u a l l y  be s i g n i f i c a n t l y  h igher  energy pathways. We are 

cu r ren t l y  synthes iz ing model in t ramolecular  RHT systems t o  observe exothermic 
RHT react ions t o  attempt t o  unambiguously observe and character ize RHT 
react ions.  
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Figure 1. 
AMI/RHF. A: Barrier for 1,4-hydrogen atom shift from eclipsed butyl radical 
(--butyl radical conformation is 5 kcal/mole lower i n  energy). 
Barrier for radical hydrogen transfer (RHT). 
structure with non-interacting termini is calculated to be 1 kcal/mole higher 
in energy. C: Barrier for H. atom elimination-addition reaction. 

Reaction paths for ethyl radical t ethylene calculated with 

B: 
The 2-shaped or alicyclic TS 
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Table 11. AMl/RHF Bar r i e rs  f o r  Hydrogen Transfer From Cyclohexadienyl Radical 
t o  Aromatic Rings 

React i on  A;lf,-ic;ijmolea A H ~  ,kcal/moleb 

Cyclohexadienyl t Toluene (m pos i t i on )  36.4 0.4 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - - - - - - - - - - -_ - - - - - - -_______ . 
- - - - - - - - - - _ - _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - ~ - - - - - ~ - - - - - ~ - - - - - - - ~ - ~ ~ - ~ ~ ~ ~ ~ - ~ -  

Cyclohexadienyl t Benzene 32.7 0.0 
Cyclohexadienyl t Naphthalene 25.6 -1.5 
Cyclohexadienyl t Anthracene 16.4 -18.8 

~AMIIRHF c a l c u l a t i o n  
Experimental heat o f  reac t i on  f o r  the hydrogen atom t r a n s f e r  reac t i on  

Table 111. 

Reaction adl-k;al/molea A H ~ ,  kcal/mol eb 

expt ca l c  expt c a l c  

Cyclohexadienyl - - - >  benzene t H 28.7 44 25.7 34.8 
1-Hydronaphthyl - - - >  naphthalene t H 37 _ _  35 39.9 
9-Hydroanthracenyl 45 58 43 50.3 

Ethyl - - - >  Ethylene t H 38 52 35.6 49.4 

Hydrogen Atom Sciss ion from Hydroaryl and E thy l  Radicals 
- - - - -______-____________________________--  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- - - >  Anthracene t H 

~AMIIRHF c a l c u l a t i o n  
Experimental heat o f  reac t i on  f o r  the hydrogen atom t r a n s f e r  reac t i on  

Table I V .  AMl/RHF Bar r i e rs  f o r  In t ramolecular  RHT Reactionsa 

Ground State Radical AH+, kcal/mole 

2 -  ( 2 - ~ h e ? y l  b u t y l  ) cyc l  ohexadienyl 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2- (2-phenylethyl ) cyc l  ohexadi enyl , 8 38.2 
2- (2-phenyl propyl ) cyc l  ohexadienyl 40.8 

39.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
aThe hydrogen i s  t rans fe r red  t o  the joso p o s i t i o n  o f  t he  appended r i n g .  
e.g., eq. 10 

See, 
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THERMOLYSIS OF SURFACE-IMMOBILIZED PHENETHYL PHENYL ETHER 

p. F. Britt, A. C. Buchanan, 111, and V. M. Hitsman 
Chemistry Division 

Oak Ridge National Laboratory 
P. 0. Box 2008 

Oak Ridge, TN 37831-6197 

ABSTRACT 

Our research has focused on modeling the constraints on free-radical 
reactions that might be imposed in coal as a consequence of its cross-linked 
macromolecular structure by covalently bonding diphenylalkanes to an inert 
silica surface. A surface-immobilized phenethyl phenyl ether 
(=PhCHzCH20Ph, or =PPE-3) has been prepared as a model for ether linkages 
in lignin by the condensation of p-HOPhCHnCHnOPh with the surface 
hydroxyls of a high purity fumed silica. Thermolysis of =PPE-3 at 
saturation surface coverage at 375 "C produces =PhCH=CH2 and PhOH as the 
major products which are consistent with the proposed free-radical chain 
mechanism for the decomposition of fluid-phase phenethyl phenyl ether. 
However, significant quantities of =PhCH3 and PhCHO (ca. 18% of the 
products) are produced indicating the emergence of a new reaction pathway 
on the surface. The mechanism for the decomposition of -PPE-3 will be 
discussed in light of this new information. 

Keywords: thermolysis, model compounds, mechanisms, restricted diffusion 

INTRODUCTION 

Attempts to probe the fundamental chemical reactions responsible for the 
thermal conversion of coal into liquid products has been hampered by the 
complex heterogeneous macromolecular structure of coal. Our efforts have 
focused on modelling the impact of restricted diffusional mobility on the 
thermal reactivity of coal by covalently bonding model compounds 
representing structural features in coal to an inert silica surface. Thus far, 
our research has focused on the thermally induced free radical 
decomposition of a, diphenylalkanes (Ph(CH2)nPh where n=0-4) at 345- 
400 "C.1-5 The results have shown that significant perturbations can occur 
in free radical reaction mechanisms which can alter reaction rates and 
product selectivities compared to the corresponding fluid phase behavior. 
We now have initiated a study on the the effects of restricted mass 
transport on the thermal decomposition of ether bridges which are prevalent 
in low rank coals and lignites. Although ether linkages are more thermally 
labile than the corresponding carbon analogues, it has been observed that 
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under liquefaction conditions optimized for bituminous coals, low rank coals 
and lignites afford low liquefaction yields. 6 It has been proposed that 
cross-linking reactions associated with oxygen functional groups (-OH, 
-OCH3, and -COOH) are responsible for the low yields.6.7 In order to better 
understand the chemical reactions leading to retrograde processes, the 
effects of restricted diffusion of the thermolysis of surface-attached 
phenethyl phenyl ether (=PhCH2CH20Ph, =PPE-3) has been studied. Although 
the thermal decomposition of phenethyl phenyl ether (PPE) has been 
previously studied in the gas phase,B.ga liquid phase,ga and in the presence 
of tetralin,eglo hydrogen,lo#ll and metal catalysts,ll our results show that 
a previously undetected free radical decomposition pathway is available for 
the thermal. cracking of =PPE. 

EXPERIMENTAL 

Surface-immobilized phenethyl phenyl ether (=PPE-3) was prepared at 
saturation surface coverage by the condensation of p-HOCsH4CH2CH20P h 
(2.25 equiv) with the surface hydroxyl groups of a high purity fumed 
amorphous silica (Cab-0-Sil, grade M-5, Cabot Corp., 200 m2 g-1, ca. 4.5 OH 
nrn-2) at 222 "C for 30 min as previously described.1-3 The excess phenol 
was sublimed from the sample by heating for 70 rnin at 254 "C under vacuum 
(3x10-3 Torr). The surface-attached PPE was liberated from the silica as 
the phenol by a base hydrolysis procedure, silylated to the trimethylsilyl 
ether, and analyzed by GC and GUMS. The surface coverage was 0.562 rnmol 
of =PPE-3 per gram of derivatized silica with the purity of recovered phenol 
>99.9% by GC. The starting phenol, p-HOCeH4CH2CH20Ph, was prepared in 
four steps from pHOCsH4CH2CH20H by selective benzylation of the phenol 
with K2CO3 and PhCHnBr in dimethyl formamide, conversion of the alcohol to 
the tosylate with tosyl chloride in pyridine, base catalyzed alkylation of 
phenol with the tosylate using K2CO3 and PhOH in dimethyl formamide, and 
debenzylation by catalytic hydrogenolysis using PdlC in HOAc with 10 Yo 
H 2s 0 4 .  Repeated crystallizations from benzene/hexanes afforded 
p-HOCsH4CH2CH20Ph in >99.9Y0 purity by GC. 

Thermolysis of -PPE-3 was preformed at 375 f 1 "C in T-shaped tubes 
sealed under high vacuum (ca. 10-6 Torr). The volatile products were 
collected as they formed in a cold trap (77 K), analyzed by GC and GUMS, 
and quantitated by the use of internal standards with measured GC detector 
response factors. The surface-attached products were removed from the 
silica as the corresponding phenols by a base hydrolysis procedure, silylated 
to the trimethylsilyl ethers, and analyzed as above. All products were 
identified by the mass spectra and whenever possible, by comparison with 
an authentic sample. 
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RESULTS AND DISCUSSION 

Thermolysis of =PPE-3 at 375 "C has been studied at saturation coverage 
from ca. 1-17 % conversion. At low conversion, -PPE-3 cracks to from 
approximately equal amounts of phenol plus surface-attached styrene 
(=PhCH=CH2) as the major products (ca. 81 mol %) and benzaldehyde plus 
surface-attached toluene (=PhCH3) as minor products (ca. 18 mol Yo). A 
trace amount of surface-attached ethylbenzene (-PhCH2CH3, ca. 1.5 mol YO) 
was also detected. The conversion dependence of the products is shown in 
Figure 1. 

=PhCH2CH20Ph +- =PhCH=CH2 + PhOH + -PhCH2CH3 (1 1 

=PhCH3 + PhCHO 

Thermolysis of phenethyl phenyl ether (PPE) in the gas or liquid phase at low 
conversions at 325-400 "C has been reported to yield PhOH and PhCH=CH2 as 

PhCH2CH20Ph + PhCH=CH2 + PhOH (2) 

the major products (eq 2).8.9 Although minor amounts of PhCH3 a n d  
P h C H2C H 3 have been detected, they were attributed to secondary 
decomposition of PhCH=CH2.8 However, benzaldehyde has not been reported 
from the thermal decomposition of PPE in the gas, liquid phase, or in the 
presence of hydrogen donors. In the thermolysis of -PPE-3, -PhCH3 does not 
appear to be a secondary product formed at the expense of the surface- 
attached styrene as shown in Figure 1. The rate of decomposition of PPE in 
the liquid phase at 350-390 "C is similar to that of the carbon analogue 1,3- 
diphenylpropane (Ph(CH2)3Ph, DPP)9 and can be accelerated by the addition 
of benzyl phenyl ether. Likewise, the rate of decomposition of =PPE-3 at 
375 "C (8.3 YO h-I) is similar to that of surface-attached Ph(CH2)3Ph (=DPP) 
at saturation coverage (7-9 YO h-1).2 Since the rates of conversion of DPP 
and =DPP are similar, surface-attachment does not perturb the initial 
reaction behavior in the decomposition of =PPE-3. 

The cracking of PPE is proposed to proceed by a free radical chain 
decomposition reaction, although a minor contribution from a concerted 
retro-ene reaction can not be completely ruled out.8 The decomposition 
reaction is initiated by homolysis of the weak C-0 bond (bond dissociation 
energy estimated as ca. 63 kcal mo1-1)12 to form 2-phenylethyl and phenoxy 
radicals. The radical chain propagation steps are show in eq 3 and 4. 

PhO' + PhCH2CH20Ph + PhOH + PhEHCHflPh (3) 
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PhEHCHZOPh + PhCH=CHZ + PhO' (4) 

In the thermolysis of -PPE-3, a similar free radical decomposition reaction 
can be written to explain the formation of the products (eq 5-12). The 
reaction is initiated by the homolysis of the weak C-0 bond. The resulting 
radicals can abstract hydrogen from =PPE-3 to form a surface-attached 
1 -phenoxy-2-phenyl-2-ethyl radical (1 ) which can undergo p-scission to 
yield surface-attached styrene and the chain carrying phenoxy radical. 

=PhCHzCH20Ph + -PhCHzCH2* + PhO' (5) 

(6) 

PhO' + -PhCH2CH20Ph + PhOH + 1 ( 7 )  

1 + =PhCH=CH2 + PhO' (8) 

=PhCH2CH2* + nPhCH2CH20Ph + =PhCH2CH3 + =PhCHCH20Ph 
1 

Surface-attached PhCH3 and gas phase PhCHO can be formed by a free radical 
chain process shown in steps 9-12. Hydrogen abstraction at the aliphatic 
site forms 1 -phenoxy-2-phenyl-l -ethyl radical (2). Although radical 1 is 
estimated to b e  more stable, than 2 by ca. 7 kcal mo1-1,12 there is 
precedence for the competitive formation of products from the 
thermodynamically less stable radical of tetralin (2-tetralyl radical)l3 and 
1,4-diphenyIbutane (1,4-diphenyI-2-butyl radical)l4 at these temperatures. 

PhO' + nPhCH2CH20Ph + PhOH + -PhCH2CHOPh (9) 
2 

ZPhCHzCHOPh -+ =PhCH2 HO' 
$h 

ePhCH2 HO' + nPhCH2' + PhCHO 8 h 

-PhCH3 + 1 (1 2a) .-c -PhCH3 + 2 (12b) 
=PhCH2' + =PhCHzCH20Ph 

Radical 2 can undergo a 1,2-phenyl shift from oxygen to carbon (eq 10). 
Analogous intramolecular 1,2-phenyl shifts have been reported in the 
thermal decomposition of phenetole (PhOCH2CH3)15 and anisole at 400 6 
p-scission of the rearranged radical affords benzaldehyde and the chain 
carrying surface-attached benzyl radical. Formation of =PhCH3 from C-C 
homolysis of -PPE, producing =PhCH2* and PhOCH2*, is predicted to be small 
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since the C-C bond is estimated to be ca. 7 kcal mol-1 stronger than the 
corresponding C-0  bond in PPE.12 Furthermore, no anisole (from hydrogen 
abstraction by PhOCH2.) or benzyl alcohol (from 1,2-phenyl shift and 
hydrogen abstraction by PhCH20.) was detected. Additional evidence for 
this previously undetected free radical pathway for the thermal degradation 
of PPE is found in the thermolysis of the =PhOCH2CH2Ph (ZPPE-1) at 375 "C 
in which =PhOH and PhCH=CH2 are formed as the major products (ca. 80 mol 
%) and -PhCHO and PhCH3 are formed as the minor products (ca. 20 mol %) 
indicating a similar free radical chain mechanism as described in steps 5- 
12 is occurring.1 7 

At this point, it is unclear whether the additional mechanistic steps (eq 9- 
12) required to rationalize the product distribution from the thermolysis of 
=PPE are a consequence of restricted diffusion, or an undetected reaction 
pathway in the thermolysis of liquid phase PPE. However, these reactions 
may explain the formation of toluene at low conversions and the formation 
of 1 ,Pdiphenylethane and benzyl phenyl ether at higher conversions 
(termination reactions of PhCH2.) which are reported for the thermal 
decomposition of PPE.8 These steps may also be participating in the 
thermal decomposition of the homopolymers of 4-allylphenol and eugenol, 
which contain (3-ether types linkages.18.19 The previous mechanism for the 
decomposition of PPE (steps 3 and 4)9 could not explain the formation of 
C1 -phenol and catechol (cresol, m/e 108 and 2-methoxy-4-methylphenol, 
m/e 138). However, by inclusion of reactions analogous to those in steps 9- 
12, a reasonable free radical chain pathway is available for formation of 
these products. 

CONCLUSIONS 

Covalent attachment of organic compounds to an inert silica surface has 
proven useful in modeling the effects of restricted substrate diffusion on 
free radical decomposition reactions which may occur in coal as a 
consequence of its cross-linked macromolecular structure. Thermolysis of 
surface-attached phenethyl phenyl ether, as a model for ether linkages in 
lignin, has shown a previously undetected pathway for the free radical chain 
decomposition of PPE which affords surface-attached toluene and gas phase 
benzaldehyde. Additional studies into the role of the radical rearrangements 
and the origin of this new decomposition pathway in the thermal 
decomposition of -PPE are currently under way. 
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ABSTRACT 

We previously examined the impact of restricted mass transport on thermally 
induced, free-radical reaction pathways through the study of diarylalkanes 
covalently linked to an inert silica surface. We have now dispersed surface- 
attached 1,3-diphenylpropane (=DPP) with a low acidity SiO,-l% A1’0, (surface 
area of 170 m’/g) by solvent removal from a colloidal suspension of the 
components. Thermolysis studies at 310-375 ‘ C  under vacuum reveal a surprisingly 
efficient and selective acid-catalyzed cracking reaction for =DPP in the solid 
state. Even at 375 ‘ C .  acid-catalyzed aromatic dealkylation of =DPP dominates 
over the normal free-radical decomposition path. The results indicate that 
significant solid-state interactions between catalyst and substrate can occur, 
which has significant implications for the use of dispersed catalysts in coal 
liquefaction and hydropyrolysis. 

IWPRODUCTIOB 

There has been considerable recent interest in the development of unsupported, 
highly dispersed catalysts for improving the conversion and product selectivity 
in coal liquefaction’!’ and hydropyrolysis.’ This includes the study of sulfate- 
promoted metal oxide catalysts, which are reported to have strong surface 
acidity.zb One potential advantage of such dispersed catalysts is the improved 
contact between the coal, solvent vehicle if present, hydrogen gas and the 
catalyst surface, particularly when catalysts with very small particle sizes can 
be generated. A significant mechanistic question still to be addressed is if, 
in the early stages of coal dissolution, significant activation of solid coal 
particles by solid catalyst can occur. In this paper we report initial results 
from model systems that begin to address this issue. 

The cross-linked, network structure of coal may impose constraints on convention- 
al reaction mechanisms as a consequence of restricted mass transport. We have 
examined this phenomenon for  thermal reactions through the study of model 
compounds that are covalently anchored to an inert silica surface.‘-’ In our 
current study, we employ surface-immobilized 1,3-diphenylpropane (=DPP) as the 
model compound. Thermolysis of =DPP has been studied in detail both by itself5 
and in the presence of co-attached aromatics.6 The free-radical chain 
decomposition reaction that occurs for =DPP can be considered prototypical for 
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trimethylene (and longer) aliphatic groups that connect aromatic clusters in 
coal. In this study we examine the reactivity of solid =DPP dispersed in solid 
SiO,-l% A1,0, at 310-375 'C. Products that may be generated from potential acid- 
catalyzed reactions of =DPP will be easily distinguished from products of the 
thermal, free-radical reaction. 

ExPEIunmTfi 

Two-batches of =DPP were prepared with surface coverages of 0.532 and 0.320 
mmol/g according to published procedures5 by the reaction of E-HOC,H,(CH,),C,H~ 
with the surface hydroxyls of a fumed silica (Cabosil M-5, Cabot Corp., 200 If 25 
rnZ/g). The solid diluents, Aerosil 200 silica or Aerosil MOX 170 silica-alumina 
(Degussa Corp.), were dried in air at 200 'C for 4 h prior to use. The Aerosil 
200 is an amorphous, fumed silica (200 If 25 m2/g; average primary particle size 
of 12 nm), while the Aerosil Mox 170 is a co-fumed oxide containing ca. 1% A1,0, 
(170 If 30 m2/g; average primary particle size of 15 mu).' Solid mixtures were 
prepared by making dilute slurries of =DPP and diluent in dry benzene, followed 
by solvent removal at 70 " C  under vacuum. Analysis of aliquots of the diluted 
=DPP by standard procedures5 gave the expected amounts of =DPP within f5%. 

Reactions were performed at 310-375 'C (If1 ' C )  under vacuum (ca. 5 x torr) 
in a controlled temperature tube furnace as previously de~cribed.~.~ Vapor-phase 
products migrated from the heated zone into a liquid nitrogen cold trap, and were 
analyzed by GC and GC-MS with the use of internal standards. Products on the 
surface were detached by digestion of the solid in aqueous base and, following 
workup, were analyzed by GC and GC-MS as phenols or the corresponding trimethyl- 
silyl ethers. 

RESULTS AND DISCVSSIOA 

Thermolysis of =DPP (0.532 rnmol/g) alone occurs readily at 375 ' C  by a free- 
radical chain pathway to afford the simple product mixture shown in Fig. la and 
Table 1. The origins of selectivity in product formation including the 
dependence on surface coverage and co-attached aromatics have been discussed.5f6 
When =DPP is diluted with the Aerosil 200 silica (wt ratio of 1:2.8), the 
thermolysis products are the same but, as shown in Table 1, the rate of 
conversion of =DPP is reduced by a factor of four. 

On the other hand, dilution of =DPP with the silica-alumina leads to a 
substantial rate acceleration as well as a remarkably different set of reaction 
products as shown in Table 1. Even at 375 'C, the products obtained are 
principally derived from aromatic dealkylation chemistry, which is characteristic 
of acid-catalyzed reactions over aluminosilicates involving carbocation 
intermediates. Another indicator of acid-catalyzed chemistry is the fact that 
the =PhCH, and =PhC,H5 products (isolated as the corresponding phenols) are 
isomerized to a mixture of ortho-, meta- and para- isomers with the meta-isomers 
formed in the largest amounts. Although numerous other products were detected 
in very small quantities, the acid-catalyzed cracking of =DPP is reasonably 
selective leading principally to surface-attached benzene (=PhH) and vapor-phase 
indan as the major products (Fig. lb). Over the temperature range of 375-310 ' C ,  
these two products account for 67-74% of the total products (mass balances were 
2 9 5 % ) .  
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urge quantities of catalyst are not required to drive this reaction. Thermol- 
ysis of =DPP (surface coverage of 0.320 mmol/g) at 375 O C  for 60 min with weight 
ratios of silica-alumina:=DPP of 0, 0.20. and 2.80 gave =DPP conversions of 5.5, 
11.6, and 18.2%. respectively. Again, in the absence of the silica-alumina only 
thermally derived products are detected. However, even in the presence of the 
small quantity of catalyst, the product distribution is dominated by acid- 
catalyzed products and is similar to the distribution obtained when excess 
catalyst is employed. 

The mechanism of acid-catalyzed cracking of liquid or vapor-phase organics over 
aluminosilicates is generally accepted to occur through the generation of 
carbocation intermediates at Broensted and/or Lewis acid sites Although 
diarylalkanes have received little attention, alkylbenzenes exhibit products 
resulting from competition between cracking, transalkylation, and various 
isomerization reactions. Acid-catalyzed cracking of alkanes over aluminosili- 
cates appears to proceed through a chain reaction involving hydride transfer from 
reactant molecules to chemically transformed (isomerized, cracked, etc.) 
carbocations.g-'l For cracking of alkylbenzenes, a pathway is generally invoked 
involving protonation at the ipso position on the benzene ring followed by 
cleavage of the alkyl group as a carbocation, which generally leads to formation 
of an alkene.g A similar path has been used to explain the hydrocracking at 350 
'C of bibenzyl (to benzene and ethylbenzene) with zinc chloride supported on 
silica ge1.12 On the other hand, fluid-phase DPP has been shown to undergo 
selective acid-catalyzed cracking to benzene and indan at 100-130 'C in SbCl, and 
SbC13-A1C1, melts by a benzylic cation/hydride transfer chain mechanism. l3 In the 
current study, cracking of =DPP to =PhH and indan (Fig. lb) can be accomodated 
by either an ipso protonation path or a benzylic cationfiydride transfer chain 
path. Additional studies will be required to probe the involvement of these 
processes on the catalytic cracking of =DPP in dispersed solids. 

It is interesting that the aluminosilicate employed in this study has a Si/A1 
atomic ratio of ca. 8 4 ,  which indicates that a much smaller density of acidic 
sites is present than for typical amorphous aluminosilicate cracking catalysts 
whose corresponding ratio is 3-8.9 Furthermore, the substrate is a solid and the 
DPP moieties are subject to diffusional constraints as a result of surface 
attachment. Yet, the acid-catalyzed cracking of =DPP in this solid mixture is 
quite efficient. The small particle size of the fumed silica-alumina employed 
and the highly dispersed nature of the catalyst may be key factors in the 
observed efficiency of acid-catalyzed cracking of =DPP. 

CONCLUSIONS 

We have used surface-immobilized 1,3-diphenylpropane (=DPP) as a model system to 
investigate the potential role of acid-catalyzed cracking in dispersed solids. 
Initial results employing a small particle size, low aluminum content amorphous 
aluminosilicate demonstrate that efficient catalysis can occur in the dispersed 
solids at 310-375 'C. The product distribution is distinctly different from that 
obtained from a thermal free-radical process, and is consistent with the 
intermediacy of carbocations. The results indicate that significant interactions 
between the catalyst and substrate occur in the solid state. Hence, these 
results suggest that small particle size, highly dispersed catalysts may interact 
significantly with solid coal particles in the early stages of coal liquefac- 
tionfiydropyrolysis . 
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Table 1. Effect of Dispersed Solids on Thermolysis of =DPP (0.532 mmol/g) 

Diluent' None A B B B B 

=DPP (mol)  0.255 0.0692 0.0644 0.0675 0.0437 0.0413 
Temp ( 'C) 375 375 375 375 345 310 
Time (min) 60 60 60 10 10 10 
=DPP Conversion(%)b 10.3 2.6 23.5 17.4 11.8 4.8 

Products 
(mo1/100 mol =DPP) 

PhCH, 
=PhCH,. 
PhCH-CH, 
=PhCH-CH, 
PhC2H5 
=PhC,H,. 
PhH 
=PhH 
Indan 
=Indad 
Indene 
PhC& 
PhCH-CHCH, 

0.45 1.26 0.27 0.13 0.06 c 
5.85 1.34 2.61. 1.60. 1.00' 0.360 
5.85 1.28 0.18 0.09 c C 

4.38 1.36 c C C C 

C C 1.79 1.25 0.65 0.20 
C C 0.88 0.70 0.44 0.24 
d d 5.17 3.47 1.95 0.73 
d d 15.13 11.07 8.07 3.21 
d d 16.24 12.76 9.17 3.70 
d d 0.87 1.15 0.84 0.36 
d d 2.57 1.42 0.87 0.54 
d d 0.76 0.48 0.21 c 
d d 0.30 0.14 c C 

'A-Aerosil 200 SiO,; 8-Aerosil MOX-170 Si02-1%A1,0,; wt diluent:=DPP-2.80. 
bMass balances 2 95%. 
'<O. 05. 
dNot detected. 
'Mixture of ortho-, meta-, and para- isomers in runs with silica-alumina. 
fMixture of two isomers. 
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INTRODUCTION 

Catalytic upgrading of coal liquids is an important step in two-stage coal liquefaction. This process is still 
confronted with the problem of achieving high catalyst performance for efficient conversion of heavy 
materials. A number of previous works showed the importance of catalyst pore structure in coal liquefaction 
(1-3) and in hydroprocessing of petroleum residues due to diffusional limitations (4-7). Several reports on 
hydrotreating of coal liquids (8-10) suggested that large pore catalysts are effective in converting 45OoC+ 
fractions. Our preliminary results showed that the pore size of Mo catalysts supported on silica or alumina 
affects the conversion of asphaltene and preasphailene (1 1-13). 

The major purpose in upgrading primary wa l  liquids is to convert the heavy materials such as asphaitene 
and preasphaltene into oils (hexane solubles) with low heteroatom content, which can be used as feed for 
further refining by conventional petroleum processing technology. The knowledge on the catalyst pore 
size effect for converting coal-derived asphanene and preasphaitene is still very limited. This work aimed at 
clanfylng the effects of pore size of Ni-Mo catalysts on their performance in converting the heavy materials 
and in heteroatom removal. The results and mechanistic considerations are reported in this paper. 

EXPERIMENTAL 

The catalyst supports were cylindrical gamma-alumina extrudate prepared from boehmite gel (Table 1). 
which were provided by Sumitomo Metal Mining Co. (S-l), the Catalyst Sodety of Japan (5-2), and Chiyoda 
Chemical Engineering and Construction cO.(s-3 and S-4). The catalysts were prepared by co- 
impregnation of ammonium heptamolybdate and nickel nitrate from their aqueous solution, in wMch 25% 
aqueous ammonia was added to give a homogeneous solution, followed by evaporation under reduced 
pressure. The impregnated extrudates were then dried at 250% for 2 h in a tube furnace (to remove 
adsorbed water) and calcined at 500% for 5 h in an air flow. The catalysts were sulfided (1 1) and kept in 
hexane before use. Table 1 gives the physical propelties, and Figure 1 shows the pore size distribution of 
the four Ni-Mo/A1203 catalysts prepared by using the same procedure. The pore size distribution was 
measured by using a Shimadzu AutoPore-9200 mercury porosimeter. A commercial KF-153s sulfided Ni- 
Mo/A1203 (14) catalyst (CatG) was also used in some experiments. The prepared catalysts have the same 
contents of Ni and MO to those of the commercial Cat-C (NiO: 2.9, M003: 15.8 wt%). The size of the 
available extrudates was 1.5 mm (d) for Cat-1 , Cat-2 and Cat-C, and 0.8 mm for Cat-3 and Cat-4. In practice, 
the lowest catalyst sizes permitted in industrial fixed-bed operations are 0.8-1.6 mm. 

Table 2 gives the sources and properties of the feed samples, in which Wan-SRC and Aka-SRC were 
produced from Wandoan subbituminous coal (at 440°C) and Akabira bituminous coal (at 420°C) in a coal 
liquefaction plant at Sumitorno Coal Mining Co. (1 1). The coal-derived asphaitenes, Aka-Asp and Wan-Asp 
(hexane-insoluble benzene solubles) and preasphaltene (Wan-Preasp) were separated from the 
corresponding SRC. The bitumen asphaltene (Aosb-Asp) was separated from Athabasca oil sand bitumen 
(12). The original asphaltenes were analyzed by using gel permeation chromatography, GPC (14-15) and 
1H NMR (16-17). The hydrocracking was carried out in a 60 ml rocking autoclave at 425°C for 1 h with 4.9 
MPa H2 (cold). Tetralin was used as solvent unless otherwise mentioned (59 feed/O.5g cylindrical 
catalysV5g Solvent). The products were separated into gases, oils (hexane solubles), asphaltene, and 
benzene insolubles, El (15). The gases were analyzed by GC(Shimadzu 9A). The H2S in gases were 
analyzed by using H2S indicator tube (Ktagawa Indicator) at room temperature. 
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RESULTS AND DISCUSSION 

Asphaltene Structure and Reactlvlty 

Structure of Asphaltene. Table 3 gives the NMR resuls. As can be seen from Tables 2-3, the coal- 
derived asphalenes. Aka-Asp and Wan-Asp have higher C, 0 and N contents, higher aromaticity and lower 
WC atomic ratios, while the biturnen asphattene (Aosb-Asp) has higher H and S contents, higher WC ratio 
and lower aromaticity. Aka-Asp and Wan-Asp contain more aromatic hydrogens (Har), whereas Aosb-Asp is 
rich in aliphatic hydrogens present in long alkyl side-chains and naphthenic groups (Table 3). The size 
distribution of the asphaiienes was evaluated by GPC. Figure 2 shows the GPC results, in which the 
molecular size decreases with increase in elulion (retention) time. The broad GPC curves of Aka-Asp and 
Wan-Asp show that they consist of various components ranging from relatively small to large molecules. 
The peak sizes correspond to a molecular weight (MW) range of about 200-1000. On the other hand, 
Aosb-Asp shows a sharp GPC peak in the range of much larger molecular sizes, corresponding to peak MW 
values of at least over 1000. The average MW values are in the range of 400-600 for Aka-Asp. Wan-Asp 
and other coal-derived asphaltenes (12,18), and 3000-6000 for Aosb-Asp and other bitumen and 
petroleum asphaltenes (12,19). These results showed that most coalderived asphalene mlecules have 
smaller size and lower MW than bitumen and petroleum asphaltenes. 

Reactlvliy of Asphaltene. Table 4 presents the data on asphaltene reactivily. The thermal run of coaf- 
derived Aka-Asp in HP-tetralin gave similar conversion to that of the bitumen asphaitene Aosb-Asp. 
However, the oil yield was lower, and the amount of El formed from retrogressive reactions was higher with 
Aka-Asp. The run of Wan-Asp was also accompanied by considerable El formation. The effect of tetralin in 
suppressing retrogressive reactions was evaluated by the runs using decalin. The E1 from Aka-Asp 
increased from 9.7 to 12.2% when the solvent changed from Hdonor tetralin to decalin, whereas there 
was little change in El from Aosb-Asp (1.8 vs. 1.9%). These results showed that coalderived asphaltenes 
have high thermal reactivity which also leads to remarkable retrogressive reactions to form El. Probably the 
El formation involved the crosslinking and condensation of reactive radicals and some unstable 
compounds, especially hydroxy compounds which are rich in coalderived asphallenes (18,PO) and tend to 
undergo coupling reactions to form more refractory materials (21-22). As shown in Table 4, H2S was also 
formed in the thermal runs, and considerable amounts of H2S were produced from Aosb-Asp both in 
tetralin and in decalin. From these results. it seems that thermal decomposition of the bitumen asphaltene 
involved the cleavage of weak C-C and aliphatic C-S bonds (23), and the resulting radicals were readily 
stabilized in H2-solvent systems to form Oils. C164 and H2S. 

Catalytlc Converslon of Asphaltene and Preasphaltene 

Catalyst Properlles. With an attempt to examine the effects of catalyst pore size on an unified basis, 
we prepared four Ni-Mo catalysts using pure gamma-alumina supports. As can be seen from Figure 1 and 
Table 1, each of the four prepared Ni-Mo catalysts exhibits an unimodal distribution of pore sizes within a 
specific ran e The median re diameter (MPD) increases in the order of Cat-1 (120 A) < Cat-2 (150 A) < 
Cat-3 (290 61) e Cat4 (730 The surface area, however, decreases as pore size increases. The unimodal 
pore structure and the significantly different pore sizes of Cat-1 through Cat-4 prepared by using the same 
procedure, enabled us to evaluate the pore size elfecis. 

Asphaltene Hydrocracking. Figure 3 shows the distribution of products from hydrocracking of a 
coal-derived asphaltene. Aka-Asp. The catalysts significantly promoted Aka-Asp conversion and increased 
oil yields from 50.7% to more than 69%, without increase in gas yields. The catalysts also reduced El from 
9.7% to less than 3%. Figure 4 shows the conversions and product yields as a function of catalyst pore size 
(MPD). It is clear from Figure 4 that the conversions of Aka-Asp and oil yields increased remarkably with 
increase in catalyst MPD up to 290 A. in spite of the decrease in catalyst surface area with increasing MPD. 
On the other hand, further increase in MPD from 290 lo 730 A did not offer any advantage. We also 
examined the solvent effect in the catalytic runs of Aka-Asp with Cat-1 and Cat-3. Using decalin instead of 
tetralin resulted in 1-2% more BI and slightly higher H2 consumption. The amounts of El formed in both 
cases were lower with large pore Cat-3 than with small pore Cat-1 . 
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Figure 5 presents the results for hydrocracking of Aasb-Asp The conversions and yields of oils plus gases 
increased with MPD up to 290 A, while further increasing MPD to 730 A decreased the conversion. In this 
case, catalysts also enhanced the formation of BI and gases. The amounts of H2S formed in gas phase 
changed remarkably with different catalysts. The detected H2S (ml at 25% under ambient pressure) 
amounts were as follows: none (26.9) c Cat-1 (45.5) c Cat-2 (52.5) e Cat-3 (77.8) > Cat-4 (34.4). Because 
of the low S content of Aka-Asp (0.5%) as compared to that of Aosb-Asp (8.3%), the amounts of detected 
H2S were much smaller, within 2-4 ml (Cat-1: 3.7; Cat-2: 2.0; Cat-3: 1.8; Cat-4: 1.9). 

Since the sizes of the bitumen asphaltene molecules are very large (Figure 2). it might be expected that 
their conversion might be more sensitive to catalyst pore size. Nevertheless, the increasing extents of oil 
yields and conversions with MPD were higher with the coalderived Aka-Asp (Figure 4). Moreover, the 
highest oil yield from Aosb-Asp with the IargeSt-pore Cat4 (69.4%) was still lower by 11% than that from 
Aka-Asp with Cat-3 (80.4%). This comparison SUggeStS that the conversion of coal-derived asphaltenes is 
sensitive to catalyst pore size although their molecular sizes are, on average, much smaller than bitumen 
and petroleum asphaltenes. In addition. the catalytic runs of Aka-Asp consumed slightly more H2 (2.1- 
2.3Wh) than the corresponding mns of Aosb-Asp (1.9-2.2wP/. based on asphaltene). In both cases, H2 
consumptions with large pore Cat-3 were slightly higher than with small pore Cat-1. 

Preasphaltene Hydrocracklng. Preasphaltene is also a major fraction in primary coal liquids. Figure 
6 presents the results for a coal-derived preasphalene, Wan-Preasp using Cat-1, Cat-3 and Cat-4. The 
yields of asphaltenes and recovered benzene insolubles were 24.8 and 41.2% with Cat-1, 30.1 and 
34.4% with Cat-3, and 33.1 and 29.5% with Cat-4. Apparently, asphaltene yields increased with increasing 
catalyst MPD from 120 A (Cat-1) up to 730 A (Cat+, rather than a decreasing trend as would be anticipated 
from the results with the asphalene fraction as feed (Figure 4). These results suggest that the effect of 
catalyst pore size on product distribution also depends on the feed used. 

SRC Hydroprocesslng. Figure 7 presents the results for the unfractionated Wan-SRC. which 
contained each of the following fractions: oils (35.7%), asphaltene (33.1%) and preasphaltene (31.2%). In 
this case, we also used a sulfided commercial KF-153s Ni-Mo catalyst (Cat-C, Table l ) ,  which has a MPD 
value similar to that of the well known Shell 324M Ni-Mo (90 vs. 86 A). It should be noted that Cat-1 though 
Cat-4 is aluminampported catalyst, while Cat-C contains 4.5Wh Si02 Figure 8 shows the results for Aka- 
SRC which contained more preasphattene (41.5%) and less asphaltene (27.0%) and oils (31.5%) as 
compared to Wan-SRC. As can be seen from Figures 7 and 8, the yields of preasphaltene decreased with 
increasing MPD. m e  oil yields from both SRC increased with MPD up to 290 A. The gas yields were nearly 
constant in the mns of Wan-SRC (3.6-4.6%) and Aka-SRC (4.3-5.0%). 

Figure 9 shows the effect of catalyst pore size on the net conversion of the heavy materials during SRC 
hydroprocessing. For runs of both Wan-SRC and Aka-SRC, increasing catalyst pore size significantly 
promoted preasphaltene conversion. This is consistent with the results shown in Figure 6 for runs of the 
isolated preasphaltene fraction. It is interesting to note that increasing MPD above certain sizes caused 
decrease in asphaltene conversion during the runs of the whole SRC (Figure 9). This is considerably 
different from the trend observed in the runs of isolated asphaltene fraction. where increasing MPD 
remarkably promoted asphaltene conversion and oil yields (Figure 4). The net conversion of the heavy 
fractions, especially asphaltene, also appeared to be lower in the runs of unfractionated SRC. 

Combination of the results in Figures 3-4 and in Figures 6-9 revealed that in SRC upgrading, when the 
catalyst pores exceeded certain sizes, more preasphaltene molecules which have larger sizes than 
asphaltenes will diffuse into pores and react on catalyst surface. producing more asphaltene. There is no 
doubt that increasing pore size also facilitates the diffusion and reaction of asphaltene fractions (Figures 3- 
5), but the first step of catalytic conversion is adsorption. As the pore sizes become large enough to allow 
the diffusion of larger molecules, preasphaltene tend to adsorb on the catalyst surface in preference to 
asphalene, probably because of the higher aromaticity and higher polarity of the former. The present 
results were obtained with cylindrical extrudate catalysts. Previous works showed that the change in the 
eXtNdate size within the range of 1.6 to 0.8 mm does not have any significant effect on initial activity, while 
the <lo0 mesh fine particles generally afford higher conversions than extrudates (24), which is another 
indication of the diffusional limitations occurring during SRC hydroprocessing. 
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Heteroatom Removal 

Relative to the thermal tuns, the Ni-Mo catalysts increased H contents and HIC ratios. and decreased 
heteroatom contents; the oils from coal-derived materials have lower WC ratios (1.01-1.05) than those 
(1.36-1.39) from the bitumen asphaltene (24). Using the catalysts with different pore sizes caused 
considerable differences in 0 contents of the products from coal-derived materials and the recovered 
asphaitenes from Aosb-Asp, and in S contents of both oils and asphaitenes from Aosb-Asp. indicating the 
importance of catalyst pore size in hydrodeoxygenation (HDO) and hydrodesulfurization (HDS). 

figure 10 shows the 0 contents of products from Aka-Asp and Wan-SRC and those of recovered 
asphaitenes from Aosb-Asp as a function of catalyst MPD. There is little or no literature information relating 
to the effect of catalyst pore size on HDO of coal liquids and bitumen or petroleum. In this work, the 
analytical results for Aka-Asp and Aosb-Asp were confirmed by repeated analyses of samples from 
duplicated wns. The maximum HDO degree of given products corresponds to the lowest 0 contents. As 
can be seen from Figure 10, the MPD values of 120 A (Cat-1) and 150 A (Cat-2) correspond to higher HDO 
degree of oiis, while the latter was superior (to the former) for HDO of asphaitenes where a maximum HDO 
was achieved in the cases of both Aka-Asp and Aosb-Asp. When SRC was the feed (Wan-SRC), the MPD 
range corresponding to higher HDO degrees of asphaitenes a peared to become wider or larger. 
Combining the results in figures 1 and 10 suggests that 80-160 gpores with a peak around 120 A are 
effective for HDO of oils, while 100-200 A (WD 150 A) pores are preferable for HDO of asphaltenes. 

In figure 11 the S contents of oils and asphaltenes as well as the amounts of H2S formed from the sulfur- 
rich Aosb-Asp were plotted against the catalyst MPD. Unlike HDO of Aosb-Asp. its HDS degree reached a 
maximum at catalyst MPD of 290 A (Cats), which corresponds to the lowest S contents of products and the 
highest H2S amount in gas. Sulfur is also the major heteroatom in petroleum, and there are many reports 
on HDS of petroleum crudes and heavy oils including the effect of pore size (4-7). In the catalytic runs of 
the coal-derived sulfur-less Aka-Asp, no difference in HDS was apparent, because all the catalysts 
completely removed sulfur from the products (24). Bertolacini et al.(l) showed that in the liquefaction of a 
high-sulfur coal using Co-Mo catalysts (60-100 mesh), the higher activities for HDS and coal conversion 
correspond to MPD of 100-120 A and about 200 A, respectively. 

The HDO and HDS results can be explained in terms of relation between pore size and surface area, and 
competitive adsorption and reaction on CatalySt Surface. It is considered that there are two main paths for 
heteroatom removal: simuitaneous asphaltene conversion and heteroatom removal, and HDO/HDS of 
.formed or originally present oiis and asphaitenes. By applying the molecular size distribution concept as 
suggested by GPC (Figure 2), one anticipates that the smaller pores contribute to HDS and HDO of small 
molecules, and larger pores promote the reactions of large molecules. Large pores facilitate the diffusion of 
large molecules, whereas the large pore catalysts possess lower surface area which lower the activity on 
catalyst weight basis. The resuits for funs of coal-derived materials (figures 4.6,9) suggest that pore size 
change also affects the competition between adsorption of different compounds/fractions. and heavier 
molecules such as those in preasphaltene tend to adsorb in preference, which partially inhibit the 
conversion of less heavier asphaitene molecules. As long as the molecules can diffuse fast enough into 
the interior of the pores and can adsorb on the active sites, the degrees of HDO and HDS are then 
determined mainly by the area and intrinsic activity of the catalysts. Therefore. the existence of different 
ranges of preferable pore sizes for different reactions and for different feed materials is due to the 
interdependence between pore size, surface area, and competitive adsorptionlreaction. 

It is expected that there is difference in catalyst dispersion. With the chemically identical supports. the 
catalyst dispersion should increase with surface area. One can hardly see any effect in the observed 
trends with Cat-1, Cat-2 and Cat-3 that might be attributed to different dispersion. However, the generally 
lower HDS and HDO activities of the largest pore Cat-4 may be due in part to its lowest surface area, and 
poor dispersion of Ni-Mo active phase. On the other hand, there was little decrease in N content of 
products. probably because of the mild conditions (low H2 pressure, 4.9 MPa). Stiegel et al.(8) reported 
that higher metal loadings and larger pores appear to yield some improvement in HDN. In addition, HDN 
over conventional Ni-Mo and Co-Mo catalysts is known to be more difficult than HDO and HDS, and 
requires extensive hydrogenation. ShaMai et al. (25) and Hirschon et al. (26) have found that adding Ru to 
alumina-supported MO catalysts can improve HDN selectivity. 
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CONCLUSIONS 

1. The perlormance 01 unimodal Ni-Mo catalysts for asphaltene and preasphaltene conversion and for 
oxygen and sulfur removal at 425% with 4.9 MPa H2 appeared to depend on their pore size distribution. 
2. In the runs of isolated heavy tractions, the conversions increased with catalyst MPD up to 290 A. and 
further MPD increase to 730 A did not offer apparent advantage for converting coal- and oil sand bitumen- 
derived asphattenes, but had positive effect in the runs of coalderived preasphattene. 
3. Relative to the bitumen asphaltene, the sizes of most coal derived asphaltenes are much smaller, but 
their conversions are sensitive to catafyst pore size. The thermal conversion of coalderived asphaltenes is 
accompanied by remarkable retrogressive reactions, even in the presence ot H-donor solvent. When the 
large pore catalyst (MPD: 290 A) was used, these materials can be converted into oils in high yields under 
mild conditions, while the oils have lower WC ratios than those from the bitumen asphattene. 
4. In the hydroprocessing of unfractionated primary coal liquids which contain preasphattene in addition to 
asphaltene and oils (SRC). increasing catalyst pore size significantly promoted preasphatlene conversion, 
producing more asphaltene. In this case, the use 01 large pore catalysts seems to decrease the net 
conversion of asphaltene fraction. 
5. The preferable pore size ranges, which may not be the optimum, appeared to be 80-160 A with a peak 
MPD around 120 A for HDO (oxygen removal) of oils, and 100-200 A with a peak MPD around 150 A for 
HDOof asphaltenes. Maximum HDS (sulfur removal) of the sulfur-rich bitrimen asphaltene was observed at 
MPD of 290 A which corresponds to a pore size range 01 200-400 A. 
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Table 1. Properties of Supports and Sulfided Ni-Mo Catalysts 

A1203 supportsa Ni-Mo/Alf13 catalystsb 
Properties 

S-1 S-2 S-3 S-4 Cat-1 cat-2 cat-3 cat-4 

Median pore di A 115 120 280 750 120 150 290 730 90 
Surface area, 2;; 203 174 152 128 126 80 255 
Pore volume, ml/g 0.79 0.65 1.05 1.49 0.49 0.45 0.84 1.01 0.56 

a) Data received; b) Measured for prepared catalysts; c) Comrcial KF-153S-1.5E 
Ni-Mo/A1203; Metal loading in Cat-1 to Cat-4 and Cat-C, Moo3: 15.8, NiO: 2.9 wt%. 

Table 2. Elemental Analysis of Coal- and Bitumen-Derived Asphaltene and SRC 

Elemental (wt%)  Source and content 
Asphaltene Atomic 

Aka-Asp 83.8 6.1 2.0 0.5 7.6 0.87 Akabira Coal SRC 27.1 
Wan-Asp 84.3 6.0 1.6 0 8.1 0.86 Wandoan Coal SRC 33.1 
Aosb-Asp 80.1 8.0 1.2 8.3 2.4 1.20 Ath. Oil Sand Bitumen 15.0 
Wan-hasp 83.0 5.0 2.0 0 10.0 0.72 Wandoan Coal SRC 31.2 
Wan-SW 85.7 6.1 1.5 0 6 . 7  0.85 Wandoan Coal SRC 100.0 
Aka-SRC 84.9 6.2 1.8 0.3 6.8 0.87 Akabira Coal SRC 100.0 

a) By difference. 

L% SRC c H N s 8 H/C Origin Source wt% 

Table 3. 1H NMR Analysis of Coal- and Bitumen-Derived Asphaltenes 

H distribution per 100 C atomsa 
Asphaltene Aromaticity 

Hal- Hn-CH2b %a2 %ai3 H W 2  H8cH3c Hr fa 
Aka-ASP 28.0 6.0 17.2 7.2 7.9 14.0 6.7 0.74 
Wan-ASp 30.6 5.1 14.8 6.9 7.1 15.6 5.9 0.71 
Aosb-Asp 9.6 5.5 15.1 7.3 11.9 41.1 28.6 0.58 

a) Based on ‘H NMR and elemental analysis; b) Methylene H o( to two aromatic 
rings; c) Includes6-CH3 and methylene H b or further from an ammatic ring; 
d) Methyl H or further from an aromatic ring. 

Table 4. Reactivity of Psphaltenes in Non-Catalytic Hydrocracking 

Solvent Tet ral in Decalin 

Asphaltene Aka-Asp Nan-Asp Aosb-Asp &-Asp Aosb-Asp 

Products (wt%) 
Gas 5.7 
Oil 50.7 
Asphaltene 33.9 
BI 9.7 
H S in gas ( m l  2.7 

Con8ersion (wt%) 66.1 
H, consumption (A%) 0.5 

4.8 
49.0 
37.1 
8.5 
1.1 

6 2 . 3  
0.6 

4.2 
59.4 
34.6 
1.8 
26.9 
65.4 
0.9 

4.9 
50.6 
32.3 
12.2 
1.0 
67.7 
0.9 

6.5 
58.2 
33.4 
1.9 
20.1 
66.6 
1.1 
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In t roduc t i on  

Over the last several years, developments in coal liquefaction technology 
have significantly lowered the estimated cost of producing coal liquids (1 - 
3). Among the notable improvements and innovations have been the 
introduction of the ebullated bed reactor, the adoption of two-stage 
processing with the additional use of catalyst in the first as well as second 
stage, and the recycling of residual products to extinction with the 
production of higher yields of distillate liquids. Progress can be measured in 
terms of increased selectivity to distillates, improved hydrogen utilization 
and reduced operating severity. 

At this time it is considered that further cost reductions could be realized 
through a combination of incremental measures rather than any single 
radical one (although there is always hope that this type of statement will 
prove to be hopelessly incorrect). One example of a physical process step 
which can benefit liquefaction economics is to use a cleaned coal feed (4). 
This would reduce the inventory of inert material in the reactor system, 
allowing a reduction in reactor size, decreased wear on engineering 
components and reducing the loss of valuable product with the rejection of 
these solids. Relatedly, more efficient methods for solid separation would be 
advantageous. 

With regard to the chemistry of coal liquefaction, positive gains could be 
made by the development of supported catalysts with improved activity, 
selectivity and life. However, it is considered that a more fruitful approach 
lies in trying to achieve a greater degree of control over the initial 
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dissolution reactions through the use of highly dispersed catalysts (5). The 
specific objectives of research into the development and application of 
slurry phase catalysts are to increase the rate of conversion and to produce 
a solubilized product which can be upgraded with greater facility in the 
second stage. The anticipated outcome of successful research would be to 
alleviate the problems encountered by the supported catalysts in the second 
stage, increase throughput, and further improve selectivity to distillates. 
Moreover, the effective use of slurry phase catalysts can provide the means 
to liquefy efficiently low-rank coals. Subbituminous coals from the western 
US are much cheaper feedstocks than eastern bituminous coals. It has been 
shown that they can produce lower boiling and higher quality liquids (64, 
and that they cause less rapid deactivation of the second stage catalyst (2). 
The main problem is their lower rate and extent of conversion which causes 
inefficient use of reactor space and the loss of additional product on solids 
separation. If, as supposed, this is related to an imbalance between the rates 
of bond cleavage and hydrogenation, then it is possible that the situation can 
be redressed by the use of appropriate catalysts. 

Molybdenum and iron are the most commonly investigated catalyst metals 
and both form an active sulfide under liquefaction conditions, or can be 
introduced after presulfiding. Although iron catalysts are less active, they 
are preferred for reasons of economy. A great deal of research has been 
spent in attempting to understand the chemistry of liquefaction in the 
presence of iron catalysts and the composition of the active phase. It has 
also been demonstrated that the use of powdered iron catalysts has allowed 
the liquefaction of subbituminous coals which could not otherwise be 
processed (see 8). Nevertheless, the activity of these catalysts is still much 
less than desired and means to enhance their activity are under 
investigation. 

The catalyst activity is determined principally by its composition and the 
extent of its dispersion and intimate contact with the coal-solvent slurry. 
While it is generally considered that the active phase of Fe and Mo is a 
sulfide form, recent studies by Oyama and co-workers have shown that 
supported and unsupported Mo carbides and nitrides exhibit high activity for 
hydrodenitrogenation and hydrodesulfurization reactions (9-1 2), raising the 
possibility that the carbides and nitrides of Mo and other metals may be 
active liquefaction catalysts. 

The catalyst dispersion is dependent upon the form and mode of addition of 
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the catalyst precursor. High activities are reportedly favored by catalysts 
introduced as oil-soluble organometallic precursors such as naphthenates 
and carbonyls (13-15). The results of some studies, however, indicate that 
even with these precursors, quite large crystallites or agglomerates can be 
formed during liquefaction and hence the potentially high dispersion is not 
maintained. There is some evidence to indicate that, if introduced as 
particulates, there is less tendency for agglomeration. Fine iron particles 
(50 nm mean diameter) synthesized by a flame pyrolysis technique appeared 
to have retained their particle size and shape during presulfiding and coal 
liquefaction (16,17). Other work has shown that FeS is more active as a 
colloid than in powder form (18). 

The increase in catalytic activity that is expected with decreasing particle 
size may be due to a combination of effects: an increase in exterior surface 
and an associated enhancement of sulfiding kinetics; a radical departure 
from bulk properties, especially with regard to surface energetics as the 
particle size is reduced below about 10 nm. The synthesis of ultrafine 
catalyst particles could therefore provide a means to enhance the activity of 
dispersed iron (or other metal) catalysts. 

To examine this proposition, a program of research has been initiated to 
synthesize ultrafine iron-based particles by a laser pyrolysis technique and 
to relate their composition, structure and other properties to their behavior 
as liquefaction catalysts. Later it is intended to investigate effect of the 
modifying their composition by the addition of promoters during synthesis. 
This paper describes some of the early findings of this research. 

Exper imenta l  

Particle Synthesis 

The technique for synthesizing ultrafine particles by laser pyrolysis appears 
to have first been performed by Haggerty and co-workers (19) whose 
interest was the preparation of silicon-containing ceramics. The method was 
utilized by researchers at Exxon to produce transition metal carbide 
particles for use as catalysts for synthesis gas reactions (20,21). One of the 
examples in the patents involved the synthesis of Fe3C particles by the laser 
pyrolysis of vapor mixtures of Fe(C0)s and ethylene. This has been. the 
starting point for the present program and the primary aim in the initial 
studies has been to produce reproducibly iron carbide particles of nanometer 
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size. 

The apparatus used for synthesis has been described previously (22). The 
reaction cell is shown schematically in Figure 1. 

The cell was fabricated from a six-way cross made from 3.8 mm diameter 
stainless steel tubing. The reactant gases (Fe(C0)s and C2H4) flow vertically 
out of thqt ip of a - l m m  dia. stainless tube and intersect the horizontal 
beam from a tunable cw CO2 laser. The reactant gas mixture is heated in a 
small volume above the reactant gas nozzle by tuning the laser frequency to 
a strong rotational-vibrational band of C2H4 at - 940 cm-1. Thermal 
decomposition of Fe(C0)s to Fe and CO occurs and the Fe reacts with the 
ethylene to produce ultrafine spherical particles which drift in a well- 
collimated stream vertically out of the cell. The particles are collected in a 
teflon membrane filter with average pore size 200 nm. 

The reactant gases are confined near the vertical axis of the cross via a 
coaxial flow of argon which.passes through a larger tube (-15 mm diameter) 
concentric with the much smaller reactant gas tube. Pre-heating the Ar 
flowing into the coaxial sheath to temperatures T - 15OoC, raised the 
pyrolysis temperature. Argon is also passed over the inside of NaCl windows 
to prevent the deposition of stray particles on the windows. Mass flow 
controllers were used to establish steady flows of Ar to the windows (-70 
sccm) and coaxial sheath (-70 sccm). Another mass flow controller was 
used to regulate the flow of C2H4 (- 4-8 sccm) through a pyrex bubbler 
containing liquid Fe(CO)5. The relative concentrations of Fe(C0)s and C2H4 in 
the reactant gas stream were determined from the cell pressure (measured 
by a capacitance manometer) and the equilibrium vapor pressure of the 
Fe(C0)s. Cell pressure was controlled by adjustment of a needle valve 
located between a rotary vacuum pump and the cross. To control the laser 
Power density and the size of thenpyrolysis zone", a ZnSe lens was used to 
Position the laser beam waist either directly above the reactant gas nozzle 
for maximum power density, or to one side of the nozzle or the other to 
reduce the power density. Approximately -5% of the power was absorbed in 
the reactant gas mixture. 

L iquefac t ion  

The liquefaction experiments were conducted in 50 mL batch autoclaves 
using a reaction temperature of 658 K, a 15 minute residenee time, 'tetralin 
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as the solvent and a hydrogen atmosphere (5.5 MPa, ambient). The reactor 
was charged with 59 of dry coal and 7.5 g of tetralin. Catalyst precursors, 
including Fe (CO)s, f ~ ( C ~ 0 2 H 7 ) ~  and molybdenum naphthenate, were added to 
the reactor in concentrations required to produce equal amounts of metal 
sulfide during the liquefaction experiment. Two ultrafine, iron-containing 
catalyst preparations (referred as Fel and Fe2) produced by laser pyrolysis 
were added in 0.lg quantities. Dimethyldisulfide was added for all tests as 
the sulfiding agent. Coal conversion was obtained by determining the amount 
of pyridine insolubles (daf) after soxhlet extraction of the reactor products. 

The coals used were a Western Kentucky #6 (bituminous) and a Wyodak coal 
(subbitumnous). The analytical data for the two coals are given in Table 1. 

Results and Discussion 

Two preparations of spherical iron carbide particles were produced with 
diameters in the range 3 to 13 nm, both exhibiting the cementite (Fe3C) 
structure as indicated by X-ray and electron diffraction. The two 
preparations are referred to as Fel and Fe2. They were prepared at laser 
power densities of about 1200 and 500 W.cm-2, respectively. The particles 
differed in that Fel was stable in air whereas Fe2 was not and 
spontaneously ignited. To allow their removal from the system for further 
study, the Fe2 particles were first slowly passivated in the reaction cell 
with an Arlo2 mixture (99%’1%). It is presently believed that Fe2 has a 
cementite core and a monolayer coating of Fe. 

Examination by high resolution transmission electron microscopy showed 
that the particles were almost spherical in shape and confirmed their small 
particle size. Analyses of Fel  particles by XPS, after exposure to air, were 
consistent with a surface stoichiometry of Fe:C:O of 1:1:2. Hence a 
significant amount of oxygen is attached to the surface of these particles. 
The XPS spectra indicated that the surface iron was predominantly as Fe3+ in 
oxide form with about 10% as the carbide. 

The conversions obtained in coal liquefaction experiments in the presence of 
the different additives are summarized in Table 2. 

All of the catalysts enhanced the coal conversion over that obtained in the 
thermal case. For the bituminous coal, the highest conversions were obtained 
with Fe2 and molybdenum naphthenate. The other iron catalyst precursors 
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were significantly less effective. 

For the subbituminous coal, the conversions tended to be lower. The highest 
was produced in the presence of molybdenum naphthenate and the iron 
catalysts all behaved similarly. In view of the high activity displayed by Fe2 
with the bituminous coal, the low conversion obtained with the lower rank 
coal is unexpected. The findings are preliminary and will be confirmed in 
future work. 

At this point at least it may be concluded that the synthesis technique can 
satisfactorily 
indications that these iron carbides may possess moderate to high activity 
for coal conversion. Whether they also influence the product distribution and 
composition is yet to be determined. 

Current work continues to focus on catalyst synthesis and on investigations 
of the catalyst phase after sulfiding and after liquefaction, and studies are 
being initiated of the catalyst functions through the use of model compounds. 

produce nanometer size particles and that there are some 
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Table 1 
Coal Properties 

m H f 5 m m T S l d a f l O l d a f ) l m  

W.Ky.#6 82.87 5.42 1.72 5.15 4.8 43.10 
Wyodak 71.02 5.42 1.37 1.00 21.2 59.92 

1 By difference 

Table 2 
Coal Conversion Data 

Wt. Conversion (daf) 

Molybdenum 
w MQQ N a a h t h e n a t e F ~ Q A ! M ! X & E ~ I E 8 2  

Bituminous 
(W.Ky.#B 47.1 80.3 62.7 70.4 n.d.1 80.9 

Subbituminous 
(Wyodak) 45.0 73.7 64.6 66.5 61.5 65.0 

1 Not determined 
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Abstract 

Mossbauer spectroscopy and X-ray absorption fine structure (XAFS) spectroscopy 
have been used to characterize the atomic structure and size dispersion of iron-based 
direct coal liquefaction (DCL) catalysts synthesized by a variety of methods. Samples 
investigated included a sulfated Fe,O, catalyst, iron added to several coals by chemical 
impregnation, and iron added to lignite by cation exchange. In the as-dispersed state, all 
of these catalysts were in the form of superparamagnetic ferric oxides or oxyhydroxides. 
Size distributions were determined by measuring the percentages of iron contributing to 
magnetic hyperfine Mossbauer spectra at several temperatures between liquid helium 
and room temperature, and relating each temperature to a critical particle volume. Size 
information was also obtained from third and fourth nearest neighbor (nn) iron shell 
peak amplitudes in radial structure functions derived from the XAFS spectra. 

Introduction 

There has been much interest in recent years in the use of highly dispersed iron- 
based DCL catalysts. Several roups have developed methods of preparing such catalysts 
in very highly dispersed forms!-’4) It is clearly of interest to develop methods for 
determining the structure and size of such catalysts. ”Fe Mossbauer spectroscopy has 
been used by a number of researchers to characterize DCL  catalyst^.'^^'^") Yamashita et 
al.(”) have conducted complementary Mossbauer and XAFS spectroscopy studies on 
iron-based catalysts in coal. 

In the current study, Mossbauer and XAFS spectroscopies have been used to 
characterize highly dispersed iron-based DCL catalysts prepared by several different 
research groups. The samples studied included Fe,O, dispersed on carbon black,(”) iron 
incorporated into coal by chemical impregnation with FeC13,(s7) a sulfated Fe,03 
cataly~t,(~~’~) and iron added to lignite by cation exchange. 

Experimental Procedure 

Catalyst preparation and the efficacy of the various catAysts in DCL have been 
discussed The iron cation-exchanged lignites were prepared in our own 
laboratory using procedures outlined by Walker and coworkers.(2224) A lignite from the 
Penn State sample bank (PSU 1482, Hagel seam) was used. 

A standard constant acceleration Mossbauer spectrometer was used. 
Experimental and least squares analysis procedures are discussed elsewhere.(2s26) Sample 
temperatures were varied between 12 and 295 K using a Displex cryogenic system. 

Synchrotron Light Source (NSLS) and beamline IV-1 at the Stanford Synchrotron 
The XAFS measurements were conducted on beamline X-19A at the National 
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Radiation Laboratory (SSRL). X-ray energy was varied using Si(ll1) double crystal 
monochromators. All experiments were conducted in the fluorescent mode as described 
elsewhere.('? 

Results and Discussion 

Typical Mossbauer spectra are shown in Figures 1 and 2, which show the spectra 
obtained at room temperature and 12K from a Wyodak coal impre nated with Fe from 

typical of superparamagnetic ferric oxides. As discussed in more detail elsewhereJB) the 
spectra were least squares fitted a series of Lorentzian peaks constrained as quadrupole 
doublets or magnetic sextets. For most samples, the quadrupole doublet component of 
the spectrum was dominant at room temperature and exhibited Mossbauer parameters 
typical of a ferric oxide or oxyhydroxide (isomer shift = 0.34 to 0.39 mm/s, quadrupole 
splitting 0.60 to 0.70 mm/s), while the magnetic component became dominant at low 
temperature and exhibited ferric isomer shifts (0.45 to 0.50 mm/s) and a range of 
ma netic hyperfine fields (450 to 540 kilogauss). For the samples prepared by Shabtai et 
aI.('? and the cation-exchanged lignites, the Mossbauer parameters were consistent with 
a superparamagnetic iron oxyhydroxide, while those observed for the Fe,O,/SO,'* and 
Fe,O, on carbon black were consistent with very fine particle hematite. 

As discussed elsewhere,@") when a magnetically ordered particle is small 
enough, thermal vibrations may cause the ordered spins of the particle to flip over the 
magnetic anisotropy energy barrier to a new orientation. To a first approximation, the 
frequency of spin flipping is given by 

an FeCI, and from an Fe,O, on carbon black catalyst.(" ? All spectra were 

f =f, exp[$!] 

where K, is the magnetic anisotropy constant, V is the volume of the particle, k is the 
Boltzman constant and T is the temperature. The frequency factor f, is given by Kundig 
et as 

f = V / P N , h  (2) 

where A is the molecular weight, p is the density, N, is Avogadro's number, and h is the 
Planck constant. For the magnetic anisotropy constants, we have used the values give by 
van der Kraan;(,') K, = 0.55 x I d  joule/m3 for hematite, and K, = 1.67 x 16 joule/m3 
for goethite. Eq. (2) then givesf, = 4.2 x lo9 sec-' for hematite andf, = 8.7 x lo9 sec-' ' 
for goethite. Whenfis small compared to the nuclear Larmor precession frequency of 
the "Fe nuclear magnetic moment (fL = 5 x lo' sec-I), the particle will exhibit a well- 
resolved six line magnetic hyperfine spectrum. However, when f becomes comparable to 
or exceedsf, the magnetic spectrum collapses to a two peak quadrupole doublet. 
Putting f equal to fL and rewriting Eq. (l), we obtain 

Eq. (3) can be viewed as defining a critical volume, V,, for temperature T. At 
temperature T, to a first approximation, particles of volume > V, will give rise to a six- 
line magnetic hyperfine spectrum, while particles of volume < V, will exhibit a 
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paramagnetic quadrupole doublet. 
The temperature variation of the magnetic and paramagnetic (quadrupole) 

percentages is then used with Eq. 3 to generate size distributions. The results are 
summarized in Figure 3 for all of the as synthesized catalysts investigated by size 
histogram that show the percentage of iron contained in ferric oxide particles as a 
function of particle diameter. Spherical particles are assumed in order to derive 
diameters from the volumes given by Equ. (3). The resolution of these size distributions 
depends, of course, on the number of temperatures at which spectra are obtained. As 
discussed in more detail elsewwhere, @) the error in the diameters indicated in these 
histograms is approximately ? 5 - 10 
? 5%. 

smaller than approximately 65 - 85 8, in diameter, with from 10 to 70% of the iron 
contained in particles less than 20-30 8, in diameter. Moreover, many of the particles in 
the smallest size bin may be of molecular dimensions. It is also seen that the samples 
prepared by the Shabtai FeCI, impregnation method('? exhibit the smallest size 
distributions. During the mild hydrotreatment (29OoC, 1500 psig H, hot, 2 hours) used by 
Shabtai and coworkers,($> the iron remains in the form of a ferric oxide or oxyhydroxide 
and the particle sizes increase somewhat, as seen in Figure 5. 

of the XAFS spectrum produces a radial structure function (RSF) that is similar to a 
radial distribution function. Some typical RSFs from the current samples are shown in 
Figures 4-5. As discussed in detail elsewhere,(,,) each peak represents a shell of a t o m  
surrounding the central iron atom. The peak positions on the distance axis are shifted 
slightly downward by about 0.5 8, relative to the true interatomic distances because of 
phase shifts, and the peak amplitudes are proportional to several factors, one of which is 
the shell coordination number. 

In Figure 5, the radial structure function (RSF) of a-Fe,O, is compared to that of 
the Fe,0,/S0,'2 catalyst. It is seen that the amplitudes of the peaks arising from the 
third and fourth nearest neighbor (nn) iron shells in the catalyst are significantly reduced 
relative to those of the same shells in bulk a-Fe,O,. For the cation-exchanged samples 
and for all of the Shabtai samples, before and after hydrotreatment, the RSFs are similar 
to that of goethite, but in most cases the third and fourth nn Fe shells are nearly 
undetectable. This is illustrated by Figure 4. 

peaks is that the iron atoms at or near the surfaces of these very small catalyst particles 
do not have their full complement of third and fourth iron nn. Since it may reasonably 
be expected that the first nn oxygen coordination of these iron atoms is unchanged, a 
convenient measure of the decrease in the average number of iron atoms in the third 
and fourth nn shells is the ratio of those peak heights in the RSF to that of the oxygen 
first nn shell. These peak height ratios are summarized for all catalyst samples and for 
the appropriate standard compounds in Table 1. Assuming that these ratios are 
proportional to the ratios of the coordination numbers, we can deduce the average iron 
coordination numbers for the catalysts by comparing their peak height ratios to those of 
the standard compounds for which the coordination numbers are known. These results 
are also indicated in Table 1. It is of interest to note that the third and fourth nn shell 
peaks are essentially absent from the RSFs of several of the Shabtai and cation- 
exchanged samples. However, because of the noise level of the RSFs, the lowest peak 
height ratio that can be reliably determined from the current data is approximately 0.2. 
Therefore, we can only put a lower limit on coordination numbers for these samples. 

while the error in the iron percentages is about 

It is seen that most of the catalyst particles in all of the catalysts examined are 

Fourier transformation of the extended X-ray absorption fine structure (EXAFS) 

One explanation of the decreased amplitudes of the third and fourth M iron shell 
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Table 1. Summary of peak height information from RSFs. H / G x  is the ratio of the 
height of the peak from the iron shell to that of the oxygen M shell. 

~ ~~ 

Sample 

Magnetite, Fe,O, 

PSOC 1482, ion ex. 
0.5M Fe(OOCCH,), 

Hematite, 2-Fe20, 

Fe203 on carbon black 

Goethite, a-FeOOH 

PSOC 1482, ion ex., 0.02 
M Fe (OOCCH,), 

PSOC 1482, ion ex., FeCL, 

Blind Canyon [FeCl, 
treated - Shabtai] 

- 
Peak 
No. 

3 
4 
3 
4 

3 

4 

3 
4 

3 
4 

3 

- 

- 

- 

3 

3 

3 - 

Shell 
w e  
Fe 
Fe 
Fe 
Fe 

Fe 

Fe' 

Fe 
Fe' 

Fe 
Fe * 

Fe 

Fe 

Fe 

Fe - 

Distance 
('9 

2.97 
3.49 

WHO, 
(20.1) 

1.65 
l.69 
1.00 
1.07 

1.74 

1.27 

0.91 
0.70 

1.03 
0.58 

0.80 

0.43 

< 0.2 

< 0.2 

zoord. No. 

$ 
12 
4.8 
7.6 

:* l )  

;} 4 
6 

2.1 
3.3 

2.4 
2.7 

i} 8 
4 

4.3 

c 2  

c 2  

'Oxygen neighbor shells also contribute to this peak. 

Summary and Conclusions 

A variety of iron-based liquefaction catalysts have been investigated by Mossbauer and 
XAFS spectroscopy. Samples investigated included coals subjected to an FeCI, impregnation 
treatment described by Shabtai and 
catalyst,('l) iron dispersed in a lignite by cation exchange, and a sulfated hematite catalyst 
(Fe20,/S0i2) prepared by Wender and  coworker^,("'^). The results may be summarized briefly 
as follows: 

a highly dispersed Fe,O, on carbon black 

1. Both Mossbauer and XAFS spectroscopies can determine the structure of the 
catalysts and provide information on their size. The Mossbauer technique is more 
accurate but is also a much slower measurement, typically requiring 10-20 hours, 
while the XAFS measurement normally requires about 30-60 minutes. 
In all cases, the initial as-dispersed or as-prepared catalyst is in the form of a 
highly dispersed ferric oxide or oxyhydroxide. 
Because of superparamagnetic relaxation effects, the Mossbauer spectra exhibit a 

2. 

3. 
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significant increase in the percentage of iron contributing to magnetic hyperfine 
patterns as the sample temperature is lowered. These magnetic hyperfine 
percentages may be converted into particle size distributions which indicate that 
the size of the as-dispersed ferric oxyhydroxides and oxides range from molecular 
to particles -20 - 100 8, in diameter. 

A more detailed discussion of these results will be given elsewhere.(%) 

Acknowledgement 

This research was sponsored by the U.S. Department of Energy under DOE Contract 
No. DE-FC22-90PC90029. The NSLS and SSRL facilities are also sponsored by the U.S. DOE. 
We are grateful to Dr. Joseph Shabtai of the University of Utah, Dr. Irving Wender of the 
University of Pittsburgh and Dr. Malvina Farcasiu of the U.S. DOE Pittsburgh Energy 
Technology Center for providing us with samples. 

References 

II 1. 

2. 
3. 

4. 
5. 
6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 

23. 
1 

Suzuki, T.; Yamada, 0.; Takehaski, Y.; Watanabe, Y. Fuel Process. Technol., 1985,10, 
33-43. 
Watanabe, Y.; Yamada, 0.; Fujita, K.; Takegami, Y.; Suzuki, T. Fuel 1984,63, 752-755. 
Herrick, D. E.; Tierney, J. W.; Wender, I.; Huffman, G. P.; and Huggins, Energy and 
Fuels, 1990, 4, 231-236. 
Herrick, D. E., Ph.D. Thesis, University of Pittsburgh, 1990.. 
Shabtai, J. S.; Saito, I.; U.S. Patent, 4,728,418 (1988). 
Shabtai, J. S.; Zhang, Y. Proc. I989 Internat. Confer. Coal Science, Tokyo 1989, Vol. 11, 

Shabtai, J. S., Skulthai, T. Proc. I987 Internat. Conference Coal Science Maastricht, The 
Netherlands, Elsevier, 761-764. 
Marriadassou, D. G.; Charcosset, H.; Andres, M; Chiche, P.; Fuel, 1986, Vol. 62, pp. 69- 
72. 
Pradhan, V. R. ; Tierney, J. W.; Wender, I.;' Preprints, Div. of Fuel Chem., American 
Chemical Society, August 1990, v01. 35, No. 3, p. 793. 
Pradhan, V. R.; Tierney, J. W.; Wender, I.; and Huffman, G. P.; 1991, submitted to 
Energy & Fuels. 
Tanabe, K.; Yamaguchi, T.; Hattori, H.; Sanada, Y.; Yuokoyama, S.; Fuel Processing 
Technology, 1984, Vol. 14, pp. 247-260. 
Tanabe, K.; Tamaguchi, T.; Hattori, H.; Matsuhashi, H.; Kimura, A; Fuel Processing 
Technology, 1986, Vol. 8, pp. 117-122. 
Cook, P. S. and Cashion, J. D.; Fuel, 1987, 66, 661-668. 
Cook, P. S. and Cashion, J. D.; Fuel, 1987, 66, 669-677. 
Montano, P. A. and Granoff, F., Fuel, 1980, 59, 214. 
Montano, P. A.; Bommannavar, A. S.; and Shah, V.; Fuel, 1981, 60, 703. 
Bommannavar, A. S. and Montano, P. A.; Fuel, 1982, 61, 523. 
Ogawa, T.; Stenberg, V. I.; and Montano, P. A.; Fuel, 1984, 63, 1660-1663. 
Montano, P. A,; Stenberg, V. I.; and Sweeny, P.; J. Phys. Chem., 1986, 90, 156-159. 
Yamashita, H.; Oktsuka, Y.; Yoshida, S.; and Tomita, A; Energy & Fuels, 1989,3, 686. 
Sample provided by Malvina Farcasiu, U. S. DOE Pittsburgh Energy Technology Center. 
Walker, Jr., P. S.; Matsumoto, S.; Hanzawa, T.; Murira, T.; Ismail, I. M. K.; Fuel, 1983, 

Jenkins, R. G.; Nandi, S. P.; and Walker, P. L.; Fuel, 1973,52, 288. 

807-810. 

62, 140-149. 

5 6 5  



24. 
25. 
26. 

27. 

28. 

29. 
30. 

31. 
32. 

Mahajan, 0. P.; Yarzab, R, and Walker, P. L.; Fuel, 1978,57, 643. 
Huffman, G. P.; Huggins, F. E.; Fuel 1978, 47, 592-604. 
Huggins, F. E.; Huffman, G. P. Mossbauer Analysis of the Iron-Bearing Phases in Coal, 
Coke, and Ash. Analytical Methods for Coal and Coal Products; Karr, Jr., C., Ed.; 
Academic Press: New York, 1979; Vol. I11 p. 371-423. 
Lytle, F. W.; Greegor, R. B.; Sandstrom, D. R.; Marques, E. C.; Won& Joe; Sprio, C. L.; 
Huffman, G. P.; and Hugins, F. E.; NucL Instrum & Mefhods, 1984,226, 542-548. 
Huffman, G. P.; Huggins, F. E.; Ganguly, B.; Taghiei, M.; and Shah, N., “Structure and 
Dispersion of Iron-Based DCL Catalysts,” submitted to Energy & FueLr. 
Kundig, W.; Bommel, Constabaris, G.; Lindquist, R. H.; Phys. Rev., 1966, 142, 327. 
Wickman, H. H.; “Mossbauer Paramagnetic Hyperfine Structure,” pp. 39-66, Mossbauer 
Effect Methodology, Ed. I. J. Gruverman, Plenum Press, NY, 1966. 
van der Kraan, A. M.; Phys. Star. SOL 1973, (a) Is, 215. 
Lee, P. A.; Citrin, P. H.; Eisenberger,; and Kincaid, B. M.; Rev. Mod Phys., 1981, 53, 
769-806. 

566 



Velocity (mmls) Velocity (mmls) 

Figure 1- Room temperature and 12 K Mbssbauer spectra 
of a Wyodak coal impregnated with Iron 
by the Shabtal treatment. . 
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Figure 2- Room temperature and 12K Mbssbauer spectra 
of an Fe203 on carbon black catalyst. 
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HYDROTALCITE CATALYSIS OF HYDROTREATING REACTIONS 

Ramesh K. Sharma, Daniel C. Stanley, Paul L. Holm, 

Box 8213, University Station, Grand Forks, NO 58202 

and Edwin S. Olson, 
University of North Dakota Energy and Environmental Research Center 

Key Words: Hydrotalcite, pillared, hydrotreating 

Magnesium-aluminum hydrotalcites have been tested for hydrotreating coal 1 iquids. 
To understand the mechanism of the reactions that are catalyzed by the 
hydrotalcites, model compounds have been reacted with various potential hydrogen 
donors in the presence of several forms of the hydrotalcites. Aryl-heteroatom 
bonds are easily cleaved by hydrogen at temperatures below 350°C, not only with 
terephthalate-pillared hydrotalcite, but also with hydrotalcite carbonate. 
Evidence favors a Lewis acid catalysis mechanism for this process. 
molecular hydrogen is required for heteroatom cleavage, no activation of molecular 
hydrogen or any hydrogen donor molecule occurs on the hydrotalcite. 
Thiomolybdate-exchanged pillared hydrotalcite is converted to an active 
hydrogenation catalyst at these temperatures. 
required for hydrocracking activity. 

Although 

However, higher temperatures are 

INTRODUCTION 

Novel supports for metallic sulfide catalysts have been under investigation for 
their potential use in coal liquefaction. Conventlonal supported hydrogenation 
catalysts have encountered difficulties in coal liquefaction due to deactivation 
and coking (1-4). 
sites or greater micropore dimensions to improve accessibility to catalytic sites. 
Hydrotalcites have been utilized in catalytic processing of various types (5-lo), 
and recently, pillared hydrotalcites with large micropores were utilized in 
oxidation reactions (11). 

This paper describes recent efforts to understand the effects of the hydrotalcite 
structure during hydrotreatment processing. Model compounds were treated with 
hydrogen and hydrogen donors in the presence of various pillared and nonpillared 
hydrotalci tes. 

New catalysts may require more dispersed forms of catalytic 

EXPERIMENTAL 

The following reagents: bibenzyl , cumene, 1-methylnaphthalene, diphenyl sulfide, 
g,lO-dihydroanthracene, and neopentyl benzene were obtained from Aldrich Chemicals, 
Co., Milwaukee, Wisconsin. 

Preparation of Catalysts: 

Hydrotalcites and molybdenum-exchanged hydrotalci tes were prepared as described 
earlier (11,12). 
used for exchange into hydrotalcite. 
hydrotalcite, 160 mL of carbon dioxide-free distilled water were placed in a 
three-necked round-bottomed flask fitted with nitrogen inlet and outlet tubes and 
a dropping funnel. 
formate (21.77 g) and sodium hydroxide (57.66 g) were placed into the reaction 
flask and stirred. 
solution of 41.04 g of magnesium nitrate hexahydrate and 30.0 g of aluminum 
nitrate nonahydrate in 128 mL of carbon dioxide-free water was added dropwise into 

Instead of ammonium molybdate, ammonium tetrathiomolybdate was 
For the preparation of formate-pillared 

The system was purged with nitrogen for 30 minutes. 

When the dissolution of sodium formate was complete, a 

Sodium 
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the flask. 
precipitate was formed. 
condenser and the reaction mixture heated to 75-85°C and allowed to stir overnight. 
After 9 hours had elapsed, about one third of the water had escaped from the 
container, so additional carbon dioxide-free water was added to bring the volume . 
back to its original level and the reaction stirred for 9 more hours. The crude 
product was isolated by vacuum filtration and purified by resuspending in carbon 
dioxide-free water and centrifuging. 
heating in vacuum at 65'C until all the moisture had been driven off. The infrared 
spectum of the formate-hydrotalcite showed strong absorptions at 1593 and 1379- 
1406 cm-' which are consistent with bands expected for the antisymmetrical and 
symmetrical vibrations o f  the COO- structure (13). 

Infrared spectra were obtained in KBr on either a Perkin Elmer Model 283 
spectrometer or a Nicolet 2OSXB FTIR spectrometer, equipped with a mercury cadmium 
telluride (MCTA) detector, and a Nicolet 1280 computer with a fast Fourier. 
transform coprocessor. Quantitative GC/FID analyses were performed with a Hewlett 
Packard 5880A gas chromatograph equipped with Pectrocol column. 
n-octadecane were the internal standards. GC/MS was performed on a Finnigan 800 
1TD ion trap detector with a HP 5890A gas chromatograph and a J&W 30-m x 0.32-mm 
(ID), 1.0-micron film of DE-5. A 15-m x 0.25-mm (ID), 0.25-micron DE-5 film 
capillary column was used for the analysis of high-boiling components. A Dupont 
Model 951 thermogravimetric analyzer module interfaced with a Dupont Model 1090 
thermal analyzer was used to determine the thermal decomposition of the catalysts. 

Hydrotreating Reactions: 

In a typical run, 0.5 g of substrate and 0.25 g of catalyst were placed in a 
tubing bomb reactor. The reactor was sealed and pressurized with 6 8  atm o f  
hydrogen or deuterium if needed, placed in a rocking autoclave heated t o  desired 
temperature, and heated for three hours. The reactor was cooled in dry ice- 
acetone slurry, degassed, and opened. 
an appropriate internal standard and transferred into a centrifugation tube by 
washing with dichloromethane. The solid was separated by centrifugation. The 
liquid sample was analyzed by quantitative GC and GC/FTIR/MS. 
in vacuum at 110°C for 3 hours. The analytical data are given in Table 1. 

RESULTS AND DISCUSSION 

A thermogravimetric method was used t o  determine the thermal decomposition of 
hydrotalcite and supported-hydrotalcite catalysts. Heating terephthalate-pillared 
hydrotalcite to 100°C resulted in 3.8% weight loss. This can be assumed t o  be the 
loss of interstitial water. 
pillared hydrotalcite, the weight loss continued t o  240°C. The additional loss may 
be due to the removal of sulfur from MoS, moieties. In the 240-300°C range, rapid 
loss was observed, which could be due to further loss of sulfur to form MoS, 
moieties. When the temperature was increased further, the weight loss was more or 
less continuous until 466°C. A 25% weight loss occurred in this temperature 
regime, which may be attributed to the decomposition of terephthalate. The weight 
loss is not consistent with that expected for decomposition of the hydrotalcite 
layer structure. 
used for hydrotreating reactions. 

In order to identify the selectivity and reactivity o f  hydrotalcite catalysts, the 
reactions of model compounds such as bibenzyl , 1-methylnaphthalene, cumene, 
neopentylbenzene, and dipheny sulfide were carried out with hydrotalcite, pillared 

The addition was completed after about one hour. A gel-like white 
The dropping funnel was then replaced by a reflux 

The pasty white material was dried by 

Isooctane and 

The contents of the reactor were mixed with 

The solid was dried 

For the tetrathiomolybdate-exchanged terephthalate- 

Thus the hydrotalcite layer structure is stable at temperatures 

h 
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TABLE 1. CATALYTIC HYDROTREATING OF DIPHENYL SULFIDE (DPS) 

Reaction Temp. = 3OO0C, Reaction Time = 3 hrs 
Catalyst wt./Substrate wt. = 0.5, H, = 68 atm 
Catalyst Substrate Conv. Major Products 

None DPS 1 Benzene (trace) 

Mg-A1-HT DPS 81.7 Benzene (4.5) 
(0.25) (2.73) Benzenethiol (0.13) 

(9) (mmol) (%) (mmol) 

(2.68) 

Zn-Cr-HT 
(0.25) 

DPS 
(2.64) 

60 Benzene (2.9) 
Benzenethiol (tr . ) 

PH-HT DPS 86.4 Benzene (4.4) 
(0.25) (2.95) Benzenethiol (0.12) 

F-HT DPS 83.4 Benzene (4.0) 
(0.25) (2.71) Benzenethiol (0.2) 

MgO 
(0.25) 

DPS 2 
(2.67) 

Benzene (trace) 

Calcined DPS 40 Benzene (1.9) 
Mg-A1 -HT (2.74) Benzenethiol (0.15) 
(0.25) 

Mo-PH-HT DPS 88.9 Benzene (4.5) 
(0.25) (2.79) Cyclohexane (0.1) 

Mg-A1-HT = Magnesium aluminum hydrotalcite carbonate 
Zn-Cr-HT - Zinc chromium hydrotalcite nitrate 
PH-HT - Terephthalate-pillared hydrotalcite 
F-HT = Formate-exchanged hydrotalcite 
Mo-PH-HT = Molybdenum-exchanged terephthalate-pillared hydrotalcite 
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hydrotalcite, andLmolybdenum sulfide supported on hydrotalcite catalysts. 
Diphenyl sulfide was used as a test compound to investigate the catalytic activity 
of hydrotalcite catalysts for aryl-sulfur bond cleavages. The reaction of 
diphenyl sulfide with terephthalate-pillared hydrotalcite at 300°C for 3 hours in 
the presence of 68 atm o f  hydrogen gave 86.4% conversion of the substrate into 
products (Table 1). Reaction products were mainly benzene and H,S, along with a 
small amount of benzenethiol. When the same reaction was carried out i n  the 
absence of catalyst, the conversion was very small (1%). A trace amount of 
benzene was the only product. 
tetrathiomolybdate-exchanged terephthal ate-pi1 1 ared hydrotalcite at 300'C for 3 
hours in the presence of 68 atm of hydrogen gave a high conversion (88.9%) of 
diphenyl sulfide. The major product from this reaction was benzene. Small 
amounts of cyclohexane, thiophenol, cyclohexanethiol were also formed. 
Nonpillared hydrotalcite (carbonate) gave conversion and product distributions 

The reaction of diphenyl sulfide with 



similar to the terephthalate-pillared hydrotalcite described above. 
the molybdenum (sulfide) nor the pillared structure are required for carbon-sulfur 
bond cleavage; the hydrotalcite itself is sufficient for catalysis of 
hydrogenolysis of these bonds. 
hypothesized to be electron deficient aluminum sites in the hydrotalcite layer. 
The hydrotalcite-carbonate was calcined at 450°C to dehydrate and decompose 
carbonate. The hydrotalcite layer structure is significantly altered at higher 
temperatures. 
hydrogenolysis reaction of diphenyl sulfide. The conversion was low, but activity 
was not totally lost. 
catalyst for diphenyl sulfide hydrogenation. These oxides are, of course, basic, 
but the calcined hydrotalcite may still contain active Lewis acid sites 
corresponding to trigonal A1 atoms. 

With zinc-chromium hydrotalcite (nitrate) as the catalyst, the conversion was 
significantly lower (60%). 
magnesium-aluminum hydrotalcite carbonate. 
distributions from the reaction o f  formate-exchanged hydrotalci te were a1 so 
comparable with that of terephthalate-pillared hydrotalcite. 
with solid acid catalysts, no coking, oligomeric products, or dibenzothiin were 
observed in any of the reactions (14). 

Reactions of diphenyl sulfide with terephthalate-pillared hydrotalcite (no 
molybdenum) in the absence of hydrogen gas indicated a very small conversion (3%) 
of diphenyl sulfide into products. 
from this reaction (Table 2). 
sulfur bond cleavage in the hydrotalcite reactions. This was not the case in the 
reactions of various model compounds with strong acid catalysts, where products 
such as benzene were observed even when molecular hydrogen was not present. These 
products could be derived from proton addition to the ipso position of the benzene 
ring (Brdnsted-acid mechanism) followed by cleavage of the substituent groups and 
probably hydride donation from Scholl intermediates. No condensation to 
oligomeric or polymeric material or coke was observed for any o f  the hydrotalcite 
reactions carried out in the absence of molecular hydrogen. This fact and the 
requirement for molecular hydrogen are inconsistent with a Bronsted acid mechanism 
for the hydrotalcite reaction. 

When hydrogen was replaced by deuterium, the conversion of diphenyl sulfide was 
considerably smaller. The decreased conversion could be attributed to isotope 
effects. The majority of the benzene product was singly labeled, but multiple 
labeling was also observed. 
diphenyl sulfide. 

The reaction of molecular hydrogen with 1-methylnaphthalene was investigated with 
the hydrotalcite t o  determine if the hydrotalcite structure can catalyze the 
addition of hydrogen. The conversion of 1-methylnaphthalene was only 9% with the 
phthal ate-pi1 1 ared hydrotal ci te, whereas the tetrathiomolybdate-exchanged 
phthalate-pillared hydrotalcite gave 95% conversion. Only a small amount o f  
cracking to naphthalene occurred in either reaction. It is clear that the 
tetrathiomolybdate in the interstitial layer was converted to a form that was 
highly active for catalyzing the addition of molecular hydrogen t o  aromatics. 
is not yet known what the form o f  molybdenum is: 
or some monomeric form. 

Thus neither 

The active sites for this catalysis were 

The calcined hydrotalcite was then used to catalyze the 

Magnesium oxide was, however, completely inactive as a 

The product distribution was the same as that with 

Unlike reactions 

The conversion and product 

A trace amount of benzene was the only product 
Thus molecular hydrogen is required for carbon- 

No deuterium was incorporated into the recovered 

It 
MoS, microcrystals, MoS cluster, 
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TABLE 2. REACTIONS OF DIPHENYL SUFIOE 

Reaction Temp. = 3OO0C, Reaction Time - 3 hrs 
Catalyst wt./Substrate wt. = 0.5 

Catalyst Substrate Reduc. Conv. Major Products 
(g 1 (mmol) (psi/g) (%) (mmol) 

PH-HT 
(0.25) 

DPS None 
(2.77) 

3 . 0  Benzene (tr.) 

PH-HT DPS Hydrogen 86.4 Benzene (4.4) 
(0.25) (2.95) 68 atm Benzenethiol (0.12) 

PH-HT DPS Deuterium 21.1 Benzene (0.4) 
(0.25) (2.67) 6 8  atm Benzenethiol (tr.) 

PH-HT DPS CO/H,O 10.2 Benzene ( 0 . 3 )  
(0.25) (2.75) 68 atm Benzenethiol (tr.) 

0.22 g 

PH-HT DPS DHA 9.0 Benzene ( 0 . 3 )  
(0.25) . (2.77) 1.00 g Benzenethiol (tr.) 

PH-HT DPS Methanol 7.1 Benzene (0.2) 
0.25 (2.83) 1.00 g 

F-HT DPS None 4.0 Benzene (tr.) 
(0.25) (2.79) Benzenethiol (tr.) 

Thus, the hydrotalcite structure itself (no molybdenum) possesses significant 
capability for hydrodesulfurization. Since only minimal hydrogenation was 
observed with 1-methylnaphthalene, w e  conclude that hydrotalcite does not activate 
hydrogen, but hydrogen i s  required for the conversion of diphenyl sulfide with 
hydrotalcite. 
hydrogen is very interesting and deserves further study. Since molecular hydrogen 
is evidently not activated directly by the hydrotalcite catalyst for addition to 
aromatics, the use of hydrogen sources other than molecular hydrogen was examined 
to determine whether the hydrotalcite catalyst could catalyze the transfer of 
hydrogen from these hydrogen sources to a sulfur-containing species, thereby 
catalyzing reductive cleavage of the C-S bond. 
hydrotalcite contains basic species that could be involved in the formation of 
hydride-donor intermediates that would affect the reduction. Since carbon 
monoxide and water generate potential hydride donor species in the presence of a 
base, the reaction of diphenyl sulfide in this system was investigated (no 
molecular hydrogen added). Conversion was very small (10%). Hydrotalcite 
(formate) gave a similar poor conversion in the absence o f  hydrogen. Methanol has 
been shown to be an effective reductant in basic conditions, but it also gave a 
poor conversion of diphenyl sulfide in the reaction with hydrotalcite. A radical 
hydrogen transfer mechanism is another route for reduction of the C-S bond. The 
reaction of diphenyl sulfide was carried out in the presence of 9,lO-dihydroan- 
thracene. If the mechanism involved homolytic cleavage of the C-S bond to give a 
radical intermediate, this radical intermediate should be able t o  abstract 
hydrogen from dihydroanthracene. 

The question of how the C-S bonds are cleaved in the presence of 

The interlayer space of 

However, the conversion in the experiment was, 
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again, very poor (9%). 
higher than in the case with no hydrogen or no reductant, there may have been some 
small amount of hydrogen generated in the experiments as a result of a water-gas 
reaction or dihydroanthracene decomposition to hydrogen. 

NO evidence for phenol was found in any reaction. The formation of phenol would 
have indicated that the basic species directly attacked the C-S bond. Catalysis 
of the C-S bond cleavage appears t o  be associated with the hydrotalcite layers, 
rather than basic species. 
many electron deficient sites (Lewis acids) are available for catalysis. The 
reactions observed with hydrotalci tes are significantly different from reactions 
with other solid acid catalysts, however, since condensations and formation of 
dibenzodithiin were not found. 

The hydrocracking activity of hydrotalcite and molybdenum supported on 
hydrotalcite was investigated by reacting bibenzyl , cumene, and neopentyl benzene 
with this catalyst. 
hydrotalcite at 300°C for 3 hours and in the presence of 68 atm of hydrogen gave a 
small percent conversion. Traces of benzene and toluene were the only products. 
Increasing the temperature (350 and 400'C) resulted in an increase in the percent 
conversion o f  bibenzyl (25 and 40%, respectively). Benzene, toluene, and 
ethylbenzene were major products o f  this reaction. Previous studies with solid 
acid catalysts gave mostly benzene and ethylbenzene via the Bronsted acid-ipso 
cleavage mechanism. The large amount of toluene formed from bibenzyl indicates 
that a major pathway for hydrocracking in the HT-catalyzed reaction is cleavage of 
the bond adjacent t o  the ring (0-B cleavage). A similar cleavage was observed for 
the reaction of cumene with HT catalyst, which gave ethylbenzene as the major 
product. Other products resulted from Lewis acid-catalyzed rearrangement and 
alkyl addition reactions o f  the cumene. 
cleavage to give toluene. 

A mechanism involving the Lewis acid HT sites is shown in Figure 1. A1 in the 
figure represents an electron deficient Lewis acid site that bonds t o  the aryl 
ring. 

Since the conversions in these experiments are a bit 

Because of the aluminum atoms in the layer structure, 

The reaction o f  bibenzyl with molybdenum supported on 

Neopentylbenzene exhibited similar u-,!? 

3 

Figure 1. Hydrotalcite-catalyzed mechanism. 
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TABLE 3. 

Reaction Time = 3 hrs, Hydrogen = 68 atm 
Catalyst wt./Substrate wt. = 0.5 

Catalyst Substrate Temp. Conv. Major Products 

PH-HT I-MENP 3 50 9 Methyltetralins (0.1) 
(0.25) (3.66) Naphthalene (0.06) 

CATALYTIC HYDROTREATMENT OF MODEL COMPOUNDS 

(9) (mmol ) ("C) (%) (mmol) 

MO-PH-HT (1-MENP) 350 94.6 Methyltetralins (2.8) 
(0.25) (3.67) Decalin (0.2) 

Naphtha1 ene (0.06) 
Tetralin (0.12) 

PH-HT BB 300 8 Benzene (tr.) 
(0.25) (2.69) Toluene (tr.) 

Mo-PH-HT BB 350 25 Benzene (0.04) 
(0.25) (2.76) Toluene (0.1) 

Ethyl benzene (0.2) 

MO-PH-HT BB 400 40 Benzene (0.2) 
(0.25) (2.75) Toluene (0.4) 

Ethylbenzene (0.2) 

PH-HT Cumene 400 14 Ethylbenzene (0.3) 
(0.25) (4.10) Benzene (0.1) 

PH-HT NPB 400 23.8 Benzene (0.13) 
(0.25) (3.40) ' Toluene (0.5) 

n-Propylbenzene (0.1) 

PH-HT = Molybdenum-exchanged terephthalate-pi1 lared hydrotalci te 
DPS = Diphenyl sulfide 
BB = Bibenzyl 
NPB = Neopentyl benzene 

CONCLUSIONS 

Thiomolybdate-exchanged terephthalate-pillared hydrotalcite is converted to active 
hydrogenation catalyst during heating with the substrates. 
hydrodesulfurization activity resides with the hydrotalcite portion of the 
catalyst. At higher temperatures, hydrocracking activity is also observed. 
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ABSTRACT 

Acid c a t a l y s i s  of coal l iquefact ion has been extensively studied with both sol id  
and l iqu id  forms o f  c a t a l y s t s .  Zinc chlor ide has been u t i l i z e d  i n  the molten s t a t e ,  
complexed w i t h  methanol, and supported on s i l i c a  gel and other  mater ia ls .  T h i s  paper 
addresses t h e  d i f fe rences  between the mechanistic pathways occurring in  these various 
s ta tes .  Thermal s tud ies  of the s i 1  ica  gel-supported zinc chlor ide demonstrate a 
change from Lewis t o  Bronsted ac id i ty  with increasing temperature. The major pathway 
f o r  s i l i c a  gel-supported zinc chlor ide i s  Bronsted acid c a t a l y s i s ,  but some Lewis acid 
ac t iv i ty  i s  found. Since hydrogen does not add d i r e c t l y  t o  t h e  primary carbonium ion 
intermediates involved in  hydrodealkylation of alkylarenes, the  ro le  of  hydrogen in 
driving the react ion t o  the cracked products ra ther  than condensation i s  being 
invest igated.  

Key Words: Bronsted ac id i ty ,  so l id  acid c a t a l y s t ,  oligomer 

INTRODUCTION 

Conversion of  coal t o  a l iqu id  product w i t h  an acid c a t a l y s t  has been 
extensively invest igated in t h e  l a s t  quarter  century. A l iquefac t ion  process which 
u t i l i zed  molten zinc chlor ide as an acid ca ta lys t  was developed by consolidation Coal 
Company (1). Fundamental s tud ies  of the chemistry of z inc  chloride-catalyzed 
l iquefact ion were pursued a t  Berkeley and other  labora tor ies .  Zinc chlor ide i s  a mild 
Lewis acid,  and under anhydrous conditions was not ab le  t o  e f f e c t i v e l y  catalyze the 
cleavage of aryl-alkyl  bonds a t  moderate temperatures (325°C) unless t h e  rings were 
highly ac t iva ted  ( 2 ) .  Complexation of zinc chlor ide w i t h  methanol, water, or  hydrogen 
halide gave c a t a l y s t s  w i t h  proton-donating potent ia l  (Bronsted ac id i ty)  t h a t  were able 
t o  catalyze hydrocracking more e f fec t ive ly  (3) .  Reactions with dibenzylether a t  325°C 
gave products t h a t  could have resul ted from Lewis acid c a t a l y s i s  of cleavage of C-0 
bond (4); however, hydrogen chlor ide,  which formed a s  a reac t ion  product from the  
ether  caused rapid cleavage of  the  e t h e r  when combined w i t h  t h e  zinc chlor ide.  

We have recent ly  developed ef fec t ive  ca ta lys t s  f o r  coal hydrotreatment in which 
zinc ch lor ide  i s  complexed t o  so l id  supports. Zinc chlor ide bonded t o  s i l i c a  gel 
o r  clay supports  have been found t o  e f fec t ive ly  catalyze cleavage reac t ions  and remove 
heteroatoms from model compounds (5,6)  as well as  coal l iqu ids  (7 ,8 ) .  

This paper r e p o r t s  our work on the  character izat ion of ac id ic  s i t e s  of the  
s i l i c a  gel-supported zinc chlor ide ca ta lys t s .  Reactions with model compounds 
confirmed the mechanistic imp1 icat ions of these s tud ies .  

EXPERINENTAL 

Catalyst Preparat ion 

loaded s i l i c a  g e l )  and SZC-16 (16 w t . %  zinc chloride-loaded s i l i c a  g e l )  were 
prepared as  described e a r l i e r  (5) .  

S i l i c a  gel-supported zinc chlor ide ca ta lys t s ,  SZC-50 (50 w t . %  z inc  chloride- 
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Characterization of Solid Acid Catalysts 

Acidity Measurements 

adsorption and desorption using infrared and thermogravimetric analyses. 

Infrared Method 

A small amount of sample (100 mg) was placed in a glass chamber attached to 
a vacuum pump, gas inlet, and a gas outlet. The chamber was evacuated, and argon 
saturated with pyridine was introduced into the chamber until the weight increase 
ceased. At this stage, the chamber was evacuated until the physisorbed pyridine 
was removed as indicated by the constant weight of the base absorbed sample. The 
infrared spectra of the pyridine-absorbed catalyst was obtained in KBr on a 
Nicolet 2OSXB FTIR spectrometer with diffused reflectance cell, equipped with a 
mercury cadmium telluride (MCTA) detector, and a Nicolet 1280 computer with a fast 
Fourier transform coprocessor. 
at several temperatures, and infrared spectrum was recorded for the residue formed 
at each temperature. 

Thermogravimetric Method 

951 thermogravimetric balance module which was interfaced with a DuPont 1090 
thermoanalyzer (controller and data station). 
temperature with argon until constant weight was achieved (several minutes). 
argon flow was then stopped, and the sample chamber was evacuated. The vacuum 
pump continued to hold the partial vacuum until constant weight was once again 
achieved. The pump was then turned off, and a flow o f  pyridine-saturated argon at 
ambient temperature was introduced into the sample chamber. The pyridine-argon 
flow continued for 180 minutes at which time the weight gained by the sample had 
nearly ceased. The chamber was again evacuated, still at ambient temperature, and 
held under partial vacuum for 40 minutes. When constant weight was achieved, the 
temperature was increased at 2O"C/min to 105°C where it was held for 30 minutes. 
The temperature was then increased at P'C/min to 202°C and held there for 30 
minutes, followed by a temperature increase at 2O"C/min to 300'C where it was held 
for 60 minutes. 

Hydrotreating Reactions 

The details of experimental procedures used for the hydrotreating reactions 
are available in the reports published in the literature (5-9). The method of 
Vogel (10) was used for chlorine analysis. 

RESULTS AND DISCUSSION 

Elemental analyses of the zinc (11) chloride mixtures with silica gel obtained 
from the reaction in carbon tetrachloride and THF indicated that a small amount o f  
chloride loss occurred during the heating procedure. Most o f  the salt (98%) was 
present, and only a small amount of chlorine was present as Si-0-ZnC1. The catalyst 
was a mixture of zinc chloride, zinc chloride complexed with silica gel, and oxyzinc 
salt. 

Surface acidity of the solid acid catalysts was determined by pyridine 

The pyridine-absorbed catalyst was heated in 

Approximately 20 mg of catalyst were placed on the sample pan of the DuPont 

The 
The sample was purged at ambient 

Upon reaching constant weight, the experiment was terminated. 
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Previous results from Hammett ac id i ty  s tud ies  a t  ambient temperature f o r  SZC-50 
indicated t h a t  highly ac id ic  s i t e s  a r e  present in  t h i s  c a t a l y s t  (6) .  Coordination 
of zinc ch lor ide  t o  surface s i l i c a  hydroxyls on the  s i l i c a  gel-supported ca ta lys t  wi l l  
be expected t o  generate new ac id ic  s i t e s  of both Lewis and Bransted types. The nature 
of these s i t e s  i n  the SZC-50 and SZC-16 c a t a l y s t s  a t  both ambient and higher 
temperatures i s  elucidated by the  present study. 

Infrared spectroscopy of the pyridine complex was used t o  determine the  r e l a t i v e  
proportion of  Lewis and BrOnsted acid s i t e s  in the  s i l i c a  gel-zinc chlor ide c a t a l y s t s .  
I n  the  inf ra red  spectrum of the  pyridine-absorbed c a t a l y s t ,  the  bands around 1440 and 
1536 cm-' a re  assigned to  the  pyridine-Lewis acid coordination bond and the pyridine- 
Bronsted acid bond respect ively.  The r e l a t i v e  i n t e n s i t i e s  of these  bands were 
converted t o  the  concentration r a t i o  by using the respect ive ex t inc t ion  coef f ic ien ts .  
In the SZC-16 c a t a l y s t ,  very few Bronsted acid s i t e s  were present  a t  ambient 
temperature. However, on heating the pyridine complex o f  SZC-16 a t  several 
temperatures (25-200°C) f o r  1 hour, the  in tens i ty  o f  the band due t o  the pyridine- 
Bronsted ac id  bond increased (Table 1 ) .  The increase in t h e  in tens i ty  of t h e  
Bronsted band must be due t o  creat ion o f  new strong Bronsted acid s i t e s  as  the  
temperature increases .  This process i s  accompanied by the loss  of pyridine from t h a t  
portion of  t h e  Lewis s i t e s  t h a t  a re  weakly acidic .  Thus ,  there  is a continuing 
decrease in  the Lewis band, and corresponding decrease i n  the r a t i o  of t h e  
concentration of Lewis s i t e s  t o  Bronsted s i t e s  w i t h  temperature. Table 1 a l s o  gives  
the ca lcu la ted  r a t i o s  from the  absorbance data  from t h e  SZC-16 sample and ext inct ion 
coef f ic ien ts  f o r  t h e  bands. 

A t  ambient temperature, the  r a t i o  of the  concentration of Lewis s i t e s  t o  
Bronsted sites f o r  t h e  SZC-50 was 3.4. T h i s  lower r a t i o  'of Lewis/Bronsted acid s i t e s  
in the SZC-50, which corresponds t o  a la rger  concentration o f  Brbhsted sites, i s  
l i k e l y  due t o  increased electron-withdrawing e f f e c t s  of the  g r e a t e r  number of  z inc  
chlor ide moiet ies  coordinated w i t h  t h e  s i l i c a  hydroxyls. 

TABLE 1 

INFRARED ABSORBANCE OF PYRIDINE-ADSORBED SZC-16 

Absorbance Lewi s/Brb'nstedSi t e s  

1440 cm" Band 1536 cm-' Band 
(L-P Band) (B-P Band) 

25 0.181 0.01 12.46 

100 0.184 0.022 8.52 

150 0.129 0.027 4.78 

200 0.043 0.018 2.39 

:."c; 

A thermogravimetric technique was a l so  used t o  determine the t o t a l  acid s i t e s  
and s t a b i l i t y  of t h e  c a t a l y s t .  In the  TGA experiment, t h e  weight o f  the  c a t a l y s t  
increased by 41.62 and 12.13 w t %  f o r  SZC-50 and SZC-16 c a t a l y s t s  respect ively,  upon 
pyridine absorption followed by evacuation a t  ambient temperature. The weight 
increase i s  due t o  the  chemical react ion of the pyridine a t  both Lewis and Bronsted 
acid s i t e s  and, therefore ,  i s  a measure of the t o t a l  ac id i ty  o f  the c a t a l y s t .  The 
t o t a l  a c i d i t y  f o r  SZC-50 and SZC-16 i s  5.04 and 1.75 meq/g c a t a l y s t  respect ively.  
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Upon slowly heating the catalyst (L"C/min) to 300"C, all of the adsorbed pyridine 
could be removed. Heating above 3OOOC resulted in the loss of chlorine due to 
decomposition and or sublimation of zinc chloride from the catalyst surface. 

Catalytic Hydrotreating of Model Compounds: 

Reactions of model compounds such as bibenzyl, diphenyl sulfide, 
dibenzothiophene, cumene, 1-phenyldecane, n-hexadecane, and p-cresol with supported 
zinc chloride catalysts gave products indicative of a carbonium ion mechanism ( 5 , 6 ) .  
The formation/conversion of acidic sites on the SZC catalyst to Bronsted acids at 
higher temperatures such as those useful in hydrotreating reactions has not yet been 
studied. However, we may speculate that at higher temperatures, significant numbers 
of Bronsted sites are present, and these sites are responsible for the majority of 
catalytic effects in cleavage of alkylarenes at temperatures between 300 and 400°C. 
Several experiments were carried out to identify whether Lewis or Bronsted catalysis 
is predominant at these temperatures with various related materials. 

The reaction of bibenzyl in molten zinc chloride (ZC-melt) was carried out under 
conditions similar to those used for SZC catalysts, and a poor conversion was obtained 
(Table 2). This result is consistent with the earlier study of Bell (2), that 
demonstrated the poor catalytic ability of zinc chloride for hydrocracking when 
restricted to only Lewis acidity (no added hydroxy compound). A reaction conducted 
with silica gel (SG, no zinc chloride) gave a very poor conversion, consistent with 
the weak acidity of the silica hydroxyls. When the reaction was carried out with 
silica gel-zinc chloride (50% zinc chloride) catalyst, 85% of bibenzyl was converted 
into products. The major products were benzene, ethylbenzene and a small amount of 
toluene. The ratio of benzene to ethylbenzene was 3. In addition, 18% of the 
starting material was converted into oligomers. No coke formation occurred under 
these conditions. The conversion and product distribution from the reaction of 
bibenzyl with SZC-16 was comparable with that obtained from SZC (50% zinc chloride 
loaded silica gel). These results suggest that 16% zinc chloride loading on silica 
gel may be adequate for optimum catalytic activity. 

The most likely mechanism for the reaction of bibenzyl with the SZC catalyst 
is the same as that proposed for the zinc chloride-hydroxyl or zinc chloride-hydrogen 
chloride complex suggested earlier (2) to account for the formation of ethylbenzene 
and benzene at temperatures in the 300°C regime. This mechanism proceeds via ipso 
protonation followed by cleavage of the aryl-alkyl bond to form the phenylethyl 
carbonium ion intermediate. The carbonium ion is then reduced to the alkyl group. 
Ethylbenzene i s  further cracked to benzene via the same steps, the extent depending 
on the activity of the catalyst. 

The effect of molecular hydrogen on the conversion of bibenzyl and the product 
distribution was investigated by carrying out reactions both in the presence and 
absence of hydrogen. The percent conversion measured as the disappearance of the 
substrate was almost the same in both these reactions. However, the product 
distribution was significantly affected by the presence of hydrogen (Table 2). The 
reaction with no hydrogen produced 7% of coke which is formed due to retrograde 
condensation reactions. Also the amount of condensation products (substituted 
bibenzyls) increased from 18% to 27% in the absence of hydrogen. In the presence of 
hydrogen the amount of benzene was only slightly higher, ,but the amount of 
ethylbenzene increased considerably. In the reaction mechanism postulated above, the 
phenylethyl carbonium ion can undergo a variety of reactions (Figure 1) to give 
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TABLE 2 

CATALYTIC HYDROCRACKING OF BIBENZYL 

Reaction Temp. = 350'C, Reaction Time = 3 Hrs, 5.49 mmols Bibenzyl 

Catalyst  Hydrogen Conversion Major Products 
(9) (PSiil) (%I (mmol s)  

SG Hydrogen 2 Benzene ( t r . )  
(0.25) 1000 Ethylbenzene ( t r . )  

ZC-me1 t Hydrogen 13 Benzene (0.08) 
(0.25) 1000 Ethyl benzene (0.04) 

Toluene (0.02) 

SZC-50 Hydrogen 85 Benzene (3.54) . 
(0.5) 1000 Ethylbenzene (1.35) 

'Toluene ( t r . )  

Toluene (0.15) 
Cond. Prod. (18%) 
Coke (0%) 

szc-50 None 
(0.5) 

83 Benzene (3.2) 
Ethylbenzene (0.8) 
Toluene (0.2) 
Cond. Prod. (27%) 
Coke (7%) 

SZC-50 Deuterium 64 
(0.5) 1000 

Benzene (2.6) 
Ethyl benzene (1.1) 
Toluene (0.1) 
Cond. Prod. (24%) 
Coke (0%) 

SZC-16 Hydrogen 75 Benzene (3.12) 
(0.5) 1000 Ethylbenzene (0.9) 

Toluene (0 .2)  
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ethylbenzene product. The fact that ethylbenzene forms even in the absence of 
molecular hydrogen indicates that hydride transfer from Scholl intermediates or 
hydroaromatic condensation products is the major mechanism for formation of 
ethylbenzene. Hydrogen may be indirectly involved through reductions of these 
condensation products. 

0 /-- SCHOLL INTERMED. @ - W W  + 

@-CHz-?Hz @-CHz-CH) + @-?H-CHt-@ 
BIBENZYL 

@-CHz-CH3 + H+ 

Figure 1. Reactions of Phenylethyl Carbonium Ion 

When hydrogen was replaced with deuterium, the conversion was somewhat lower. 
This is very likely the result of an isotope effect that reduces the rate of 
hydrogenation of the Scholl intermediates or the rate of transfer of hydrogens from 
the hydrogenated Scholl intermediates to the carbonium ion intermediates. 

1,3-Diphenylpropane (DPP) and neopentyl benzene (NPB) were also used to 
investigate the catalysis mechanism of silica gel-zinc chloride. The reactions were 
carried out at 350°C for 3 hours in the presence o f  1000 psig of hydrogen. Major 
products and the percent conversion for these reactions are presented in Table 3. 
1,3-diphenylpropane gave benzene and indan as the major products. The formation of 
these products requires no hydrogen or reduction, only the Brhsted acid catalyst. 
Ipso protonation of the aromatic ring, followed by aryl-methylene bond cleavage gives 
the phenylpropyl carbonium ion, that undergoes cyclization to give indan as the second 
major product. These 
products probably result from other mechanism involving Lewis acid catalysis. 

The conversion of neopentylbenzene was much lower than that of 
diphenylpropane, and a variety o f  products were obtained. The major product 
from this reaction was benzene, which again is formed by the ipso protonation of the 
aromatic ring followed by aryl-methylene bond cleavage. Neopentyl carbonium ion 
rearranged to produce 2-methylbutane (Figure 2). Toluene and 2-methylpropane may have 
been formed from the Lewis acid-catalyzed cracking of neopentylbenzene. 

The minor products from this reaction were C,-C, benzenes. 
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Figure 2 .  Bronsted Acid-Catalyzed Mechanism 
TABLE 3 

CATALYTIC HYDROCRACKING OF 1,3-DIPHENYLPROPANE AND NEOPENTYL B E N Z E N E  

Reaction Temp. = 350'C, Reaction Time = 3 HRS 
Cata lys t  wt . /substrate  w t .  = 0.5, H, = 1000 psig 

Catalyst  Subs t ra te  Conv. Major Products 
(g ) (mmol s) (%I (mmol s) 

SZC-50 
(0.25 

DPP 76 Indan (1.39) 
(2.6) Propyl benzene (0.08) 

Ethylbenzene (0.06) 
Toluene (0.05) 
Benzene (2.43) 
Cond. Prod. (0%) 
Coke (O)% 

SZC-50 NPB 
(0.25 (3.5) 

26 Benzene (0.29) 
2-Methyl butane (0.08) 
2,P-dimethyl propane (0.003) 
Toluene (0.06) 
2-methyl propane (0.04) 
Butane (0.003) 
Pentane (0.001) 
Ethyl benzene (0.03) 

CONCLUSIONS 

SZC c a t a l y s t s  contain fewer Brb'nsted acid s i t e s  a t  ambient temperature, but 
these s i t e s  increase a t  higher temperatures. A t  the  hydrotreat ing temperatures, the 
cleavages o f  aryl-a1 kyl bonds a re  Bronsted acid-catalyzed. Hydrogen i s  not required 
f o r  hydrocracking reac t ions ,  but prevents coking reac t ions .  
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INTRODUCTION 

Development of new catalysts is a promising approach to more efficient coal liquefaction. It has been 
recognized that dispersed catalysts are superior to supported catalysts for primary liquefaction, because 
the control of coal depolymerization or dissolution requires intimate contact between the catalyst and coal. 
The dispersed catalysts can be divided into metals and their oxides and sulfides (e.g. MoSZ), and acid 
catalysts such as ZnCIZ. An excellent review of coal liquefaction catalysts has been published recently by 
Derbyshire ( l ) ,  which also incorporated many previous works on the catalytic effects of Lewis acids. In 
particular, the process development research conducted by Zielke and co-workers (2-4) at the 
Consolidation Coal Co. demonstrated the potential of using massive ZnClZ catalyst to liquefy coals. The 
fundamental studies on model reactions by Bell and co-workers (5-8) at the University of California 
contributed to a mechanistic understanding of the catalytic effects of ZnClZ for coal liquefaction. 

While ZnCl2 and SnC12 have always been considered attractive because of their high activity and low cost, 
a considerable body of research at Osaka university has demonstrated that ZnCIz and SnC12 doped with 
alkali metal chlorides or transition metal chlorides are more effective for liquefaction of many bituminous, 
subbituminous and brown coals (9-13). One of the important observations from these works is that the 
addition of alkali metal chlorides to ZnClZ increases the yields of oils (hexane solubles) and decreases the 
gas yields and reduces H2 consumption. This is desirable because hydrogen consumption is a major cost 
of coal liquefaction plant. With an attempt to develop new catalysts, we examined the catalytic effects of 
MCln-LiCI-NaCI-KCI and MCln-LiCI-KCI (MCln = CoC12, NiCIZ, MoC13. SnCP. ZnCI2) for coal liquefaction. The 
results showed that NiCIZ- and MoC13-LiCI-KCI ternary salts are promising catalysts in view of high oil yields 
and coal conversions and lower heteroatom contents of oils (14-17), and they appeared to be superior to 
ZnCI2-, SnC12- and CoCIP-containing and other NiCIP- and MoCbcontaining sals (14,lE). Little is known 
about the reaction chemistry, more specifically, the hydrogenation and cracking of polyaromatics and the 
cleavage of bridge structures during coal liquefaction using the Nick- and MoCI3-based catalysts. The 
purpose of this paper is to evaluate the catalysis of these two new catalysts based on coal liquefaction, 
pyrolysis, and model compound studies. 

EXPERIMENTAL 

The salts used are synthesized MoC13 (14). reagent grade NiCIP, LiCl and KCI. The molar compositions of 
NiCI2- and MoC13-LiCI-KCI and LiCI-KCI were 14:50:36,12:51:37 and 58:42, respectively, unless 
otherwise mentioned. The catalysts were impregnated on to coals from their methanol solution or 
suspension. The coals used are Morwell (C: 67%, daf basis) brown, Taiheiyo (C: 76%), Wandoan (C: 78%) 
and Yilan (C: 79%) subbituminous, and Akabira (C: 83%) bituminous coals (14-17). The temperature- 
programmed pyrolysis was conducted by using TGA in a nitrogen flow (14,19). The solvent-free coal 
liquefaction was canied out in a 200 ml shaking autoclave at 400% for 1 hour with 9.8 MPa HZ (14-15). The 
IiqUefactiOn in the presence of tetralin was conducted in 70 ml rocking autoclaves at 400% for 1 h with 4.9 
MPa H2 (17). The products were separated into gases, oils (hexane solubles), asphaltene (hexane- 
insoluble benzene solubles). preasphaltene (benzene-insoluble pyridine or THF solubles). and residue 
(16). The gases were analyzed by GC for Ci-C4, CO and COZ; the oils and asphaitene were subjected to 
'H NMR (15,171 and elemental analyses. The model compounds tested are anthracene, phenanthrene, 
naphthalene. dibenzyl, benzylphenylether, and dibenzylether. Their reactions were petformed in the 70 

aUtOClaVeS under different conditions. The products were analyzed by GC, and GC-MS (20). 
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RESULTS 

Temperature-Programmed' Pyrolysis. The non-catalytic pyrolysis of the five coals in N2 was 
conducted using two temperature programs: r.1. to 600°C at 5"Clmin; and r.t. to 400°C at 5"Clmin and then 
held at 400°C for 60 rnin. The second program was also used in catalytic pyrolysis in accordance with the 
temperaturefiime conditions in liquefaction (14). Figure 1 shows the pyrolysis results of the five Coals up to 
600%. The yields of volatile products were calculated from the weight loss determined by TGA. The weight 
loss below 200°C is mainly due to adsorbed water and was not accounted as volatile materials. The 
amounts of volatile materials formed below 450°C decreased with increasing rank, daf C% of the Coals. 
Figure 2 presents the results of catalytic pyrolysis of Akabira coal in N2. Figure 3 shows the temperature- 
pressure profiles during heat-up and holding at 400% for solvent-free liquefaction of Akabira Coal with 9.8 
MPa H2. The NiCI2- and MoC13-LiCI-KCI catalysts began to exert a measurable effect in enhancing coal 
pyrolysis in N2.at the temperatures above 300% (Figure 2). During the heat-up of the coal impregnated 
with these catalysts under pressurized H2. the H2 uptake became apparent at the same temperature 
region, indicating the onset of the catalytic reactions at the temperalures as low as about 300°C (Figure 3). 
The same trends were observed in the pyrolysis (14, 19) and 1-p profiles in liquefaction of other coals. The 
1-p profiles for liquefaction of Akabira coal in the presence of tetralin were similar to those for the solvent- 
free runs, except that the evaporation of tetralin caused the pressure increase (below 300%). 

Solvent-free Llquefactlon. In general, acids are used in massive amounts (1-9) as catalysts and 
reaction medium. In this work, the concentration of Lewis acids in ternary salts for liquefaction were below 
15 mol%. Figure 4 shows the results of solvent-free liquefaction of Australian Wandoan subbituminous 
coal (4OO0C, 1 h, 9.8 MPa H2) using various MCln-LiCI-NaCI-KCI and MCln-LiCI-KCI (MCln: 12-14 mol%, salts 
to coal: 1, wt ratio), where the yields of products are plotted against H2 consumptions. It is clear from the 
product distribution that NiCI2- and MoC13-LiCI-KCI afforded over 60% (daf coal basis) oils and showed 
higher selectivity to oils without remarkable increase in gas-make. The previous results for Wandoan coal (3 
h wns, other conditions were the same) using ZnCl2 and ZnC12-KCI (60:40, mol%) are also shown in Figure 
4. Relative to ZnCIZ,ZnC12-KCI gave higher oil yield and lower gas yield with lower H2 consumption. as has 
been observed for many other coals (9-11). AHhough the catalysts and reaction time were different, the 
results in Figure 4 showed that higher oil yields can be obtained with relatively lower H2 consumption. 

In order to examine the general effectiveness of the new catalysts. we conducted the solvent-free 
liquelaction of Australian Morwell coal. Japanese Taiheiyo and Akabira coals under the same conditions 
(4OO0C, 1 h, 9.8 MPa H2). The results are summarized in Figure 5. Relative to the thermal runs, both NiC12- 
and MoC13-LiCI-KCI catalysts significantly enhanced coal conversion. More importantly, the oil yields of all 
the catalytic runs are almost three times that of noncatalytic runs of the bituminous, subbituminous and 
brown coals. These results established the general applicability of these two catalysts for liquefaction of 
coals, especially subbituminous coals (oil yields: 2 56%). 1H NMR and elemental analyses revealed that the 
catalysts increased the contents of naphthenic CH2 hydrogens (hydroaromatics) and decreased the 0 and 
N contents of oils. 

Liquefaction In the Presence of H-Donor. In a previous work, addition of tetralin was found to 
further increase the conversion of coal. although this effect was substantially smaller in the catalytic runs 
than in the noncatalytic run (16). The NiCI2- and MoCl3-based catalysts played a key role in promoting oil 
production. while adding telralin appeared to enhance the selectivity of the catalytic reactions, in view of 
increased conversion and decreased total hydrogen consumption. Based on these observations, we 
examined the catalyst performance at different loading levels for liquefaction of Chinese Yilan coal in the 
presence of tetralin under low H2 pressure (4OO0C, 1 h, 4.9 MPa H2; tetralin/coal: 59/59; metal to coal: Ni, 
1.2-12 wt%; Mo, 1.7-17 wt%). Figures 6 and 7 show the effect of catalyst loading on the product 
distribution and hydrogen transfer, respectively. The loading of NiC12-LiCI-KCI to coal up to 20~1% 
(2.4wl% Ni to coal) significantly increased oil yields, coal conversions, ,enhanced gas-phase H2 
consumptions but decreased the net hydrogen-transfer from tetralin (Figure 6B). Further increase in its 
loading resulted in a little decrease in gas-phase H2 and total hydrogen consumptions. in spite of the 
increase in oil yield. In the case of MoCD-LiCI-KCI, increase in its loading progressively increased oil yields 
and gas-phase H2 consumptions and decreased the net hydrogen-transfer from tetralin (Figure 6A). In 
contrast to these trends, the use Of LiCI-KCI, even at low loading, considerably suppressed the gas-phase 
H2 consumption without any negative impact on the product distribution (Figure 6C). 
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Figure 7 shows the effect of catalyst loading on H-distribution of oils per 100 C atoms, as determined from 
NMR (17). The HCH3 values indicate th6 contents of alpha-, beta- and gamma-CH3 hydrogens and gamma- 
CH2 hydrogens; the HCH2 refers to th6 alpha- and beta-CH2 hydrogens. AS shown in Figure 7, the HCH2 
values increased, but HCH3 decreased with catalyst loading, reflecting that loading the catalysts increased 
the contents of naphthenic CH2 hydrogens present in hydroammatic rings. These trends were also 
observed in the 1H NMR analysis of oils from solvent-free liquefaction Of the other four coals (15-16). 

Model Compounds Studles. To gain a better understanding of the catalytic functions. the model 
reactions were undertaken using NiCI2, MoC13, LiCI-KCI. and their combinations. Tables 1 and 2 present 
the results for anthracene and phenanthrene (400°C. 1 h, 9.8 MPa H2). respectively, with constant molar 
ratio (0.3) of NiCl2 or MoCD to the reactant (3 g, 16.85 mmol). As shown in Table 1, both NiCI2- and MoC13- 
LiCI-KCI considerably promoted the hydrogenation 01 anthracene to form tetra- and octahydroanthracene. 
In the runs of phenanthrene, which is known to have lower reactivity (20), the catalysts enhanced the 
formation of di- and tetrahydrophenanthrene. In the runs of naphthalene, these catalysts promoled 
hydrogenation to produce tetralin, but the conversions were within 15%. AS shown in Tables 1-2, the use 
of LiCI-KCI gave nearly identical results to the thermal runs. However, adding LiCI-KCI to NiC12 and MoC13, 
especially to MoC13 which exhibited very high cracking activity, significantly suppressed the extensive 
hydrogenation and ring-openning cracking. Figure 8 shows the effect of MCln content in the runs of 
anthracene. The yields of hydroaromatics and cracking products appeared to depend on the contents of 
Lewis acids MCln. especially in the case Of MOCD. 

Table 3 is a summary of the bond dissociation energy of a number of C-0 and C-C linkages. Various 
connecting linkages between aromatic rings are believed to be present in coals. We conducted model 
reactions of C -0  linkage structures using benzylphenylether and dibenzylether at 350°C for 1 h with 4.9 
MPa H2. As shown in Table 4, the presence of the salts significantly affected the reactions of the ethers. 
The use of NiCIP- and MoC13-LiCI-KCI decreased the yields of simple products such as toluene, and 
increased the yields of the products from rearrangement and coupling reactions such as PhCH2PhOH and 
PhCHP( PhCH3)CH2Ph. The considerable formation of these products indicates that these catalysts 
promoted the C-0  bond cleavage through acidic actions to produce benzyl cation. which underwent two 
main reactions: stabilization by hydrogenation; attacking other species to cause rearrangement or 
condensation. Table 5 shows the results for dibenzyl (C-C linkage) at 400-425°C for 1 h with 9.8 MPa H2. 
The NiCI2- and MoC13-LiCI-KCI catalysts showed essentially no effect at 400°C for breaking this type of C-C 
linkage. It is to be noted that the use of LiCI-KCI has neither positive nor negative effect on hydrogenation 
of polyaromatics such as anthracene. phenanthrene (Tables 1-2) and dibenzyl. but it showed pronounced 
effect in the runs of the ethers especially dibenzylether. For comparison of catalytic functions, we also 
conducted the model reactions using a commercial Ni-MolAt203 catalyst (Table 6), because it has high 
activity for hydrogenation of polyammatics (20). 

DISCUSSION 

Catalytic Functions. In the earlier stage of this work, we inferred based on the high liquid yields in 
pyrolysis and in liquefaction of Wandoan coal that the NiCI2- and MoC13-LiCCKCI catalysts have higher 
hydrocracking ability (14). However, the model reactions using polyammatics clearly showed that while 
they have hydrogenating ability, they do not possess high hydrocracking ability (Tables 1-2). In fact, their 
cracking ability is much lower than MoC13 or ZnCI2, and their hydrogenating ability is much lower than 
sulfided Ni-Mo commercial catalyst (20). The key questlon that arise is what are the key functions of the 
catalysts leading to high oil yields and coal conversions? The motivation of the later works on the 
pyrolysis, and model reactions presented in this paper comes from the desire to answer this question. 

Analytical pyrolysis in N2 is an useful technique for evaluating the coal reactivity and the effect of catalyst 
on the cleavage of bridge bonds.The pyrolysis showed that the NiCI2- and MoC13-LiCI-KCI catalysts 
enhanced the formation of volatile materials from bituminous (Figure 2), subbituminous and brown coals in 
N2 at the temperatures above 300% (14,19). In fact, the yields of volatiles from noncatalytic pyrolysis up 
to 600°C can be obtained by the catalytic pyrolysis at 400°C (Figures 1-2). The fact that the temperatures 
forthe appearance of catalytic enhancement in pyrolysis in N2 correspond to the onset of H2 uptake in the 
liquefaction of Akabira w a l  (Figures 2-3) and other coals indicates that the interactions between catalyst 
and mal and the palticipation of molecular H2 begin to occur at the temperatures as low as abu t  3oO'C. 
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From the above results, it becomes clear that the NiC12- and MoC13-LiCI-KCI catalysts can promote the 
cleavage of connecting linkages in coal at low temperatures, followed by stabilization of the reactive 
fragments by transferable hydrogens in the internal (coal and its products) and external (H2) hydrogen 
sources. The model reactions using the bridge-type compounds showed that they can promote the 
cleavage of C-0 bond in ethers at low temperatures (Table 4). While the cleavage of C-C linkage in dibenzyl 
was not affected by the catalysts at 400% (Table 5), there is a possibility that these catalysts can promote 
the C-C bond cleavage for the dinaphthylethane type C-C linkage, because the bond strength of the latter 
is lower than the former (210-235 vs. 255-258 KJ/mol, Table 3), and the latter is closer to that of 
bezylphenylether (221 KJ/mol, Table 3). 

The liquefaction results showed that NiCP- and MoC13-LiCI-KCI signilicantly promote the production of oils 
without any significant increase in gas-make. The observed relationship between hydrogen consumptions 
and products distribution (Figures 4,6) suggests that the molecular H2 was consumed mainly in producing 
oils in the catalytic runs.The results of model reactions in Tables 1-2 showed that adding LiCI-KCI to MoC13 
and NiC12 suppressed extensive hydrocracking of polyaromatics, but retained their hydrogenation activity 
to produce partially hydrogenated species from 3- and 2-ring aromatics without remarkable ring-openning 
cracking. These results also confirmed the observation from l H  NMR that the NiCI2- and MoCI3-based 
catalysts gave more hydroaromatic products in oils from both solvent-free (1 516) and tetralin-mediated 
coal liquefaction (Figure 7). The partially hydrogenated poiyaromatics are also H-donors, which could be 
more effective than tetralin in terms of H-donation rate in coal liquefaction (1 7). 

The cracking ability of the Lewis acid catalysts is determined mainly by their acid strength. When ZnCI2 is 
used in coal liquefaction, it always increases the C1-C4 gas yield and the ratio of iso-C4 to nC4, which has 
been taken as an acidity measure (2-3, 10). NiC12- and MoC13-LiCI-KCI do not remarkably enhance C i C 4  
yields and the iso-C4/n-C4 ratio. because the ring-openning cracking and dealkylation were very limited. 
However, it is worthy while noting that symoctahydrophenanthrene was also produced from anthracene in 
the catalytic runs (Table 1). Its yields increased with increasing MCln content, as shown in Figure 9. This is 
considered to be a result oi acid-catalyzed isomerization of symoctahydroanthracene. The extent of the 
isomerization shown in Figure 9 suggests that the acid strength of MCln-LiCI-KCI decreases with 
increasing LiCI-KCI content. We also observed some interesting trends in the case of ZnC12. It was found 
that adding KCI to ZnCI2 enhanced H-D exchange in H2-D2 model reactions, which is indicative of the 
enhanced ability for activating molecular H2 upon KCI doping. On the other hand, ZnC12-KCI afforded 
higher oil yield and coal conversion and lower gas yield with lower consumption of molecular H2, indicating 
the lower cracking ability and higher oil selectivity of ZnC12-KCI relative to ZnC12 alone. This is a general 
trend in the solvent-free runs of many coals (9-11) including Wandoan coal (Figure 4). 

The side reactions such as condensation (via benzyl cation) observed in model reactions (Table 4) seem to 
suggest that the hydrogenating ability of the NiC12- and MoCO-based catalysts is not sufficiently high. This 
trend is Similar to that observed by Bell and co-workers for the reactions of ether compounds using ZnCl2 
( 7 4 ,  where the condensation reactions were more remarkable even at lower temperatures, 193.225%. It 
should be noted that unsulfided and sulfided Ni-Mo/A1203 catalysts exhibited relatively similar activity in 
hydrogenating anthracene, phenanthrene (20) and dibenzyl, whereas the former also caused remarkable 
condensation in the reactions of the ethers (Table 6). On the other hand, the side reactions may be 
inhibited by H-donation during coal liquefaction. Apparently, the reactions of the bridge-type model 
compounds are far from the real situation. and the resulting data should not be over-emphasized. 

The general implications fmm the above results are as follows: 1) To obtain high oil yields with catalysts, 
the extensive hydrocracking reactions such as those over MoC13 or ZnCl2 are not necessarily required: 
such reactions will decrease oil yields and coal conversion and increase gas yields and H2 consumptions; 
2) It is critical to suppress the acidic cracking ability of the acid catalysts to achieve a better balance of 
hydrogenating ability with the cracking ability; 3) Selective reactions over dispersed catalysts, which begin 
to occur at low temperatures. can be more ellicient in controlllng coal depolymerization and promoting oil 
production. The target in primary liquefaction Using multi-component catalysts is to obtain the products 
containing more oils and less asphakne and preasphaltene with relalively lower H2 consumption. The 
products should be detived under less-severe conditions and retain moderate reactivity for subsequent 
upgrading using suppolted catalysts. 
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Role of Catalyst Components and Retrogresslve Reactions. The catalyst physical state and 
dispersion are also important factors. which have physici! an&i chenicel effect. Unlike ZnClz or SnC12 
which becomes molten salt at 313% or 255"C, Nice and MoC13 do not melt even at 600°C. However, from 
DTA analysis of various salts (le), we found that they become molten when a mixture of 58%LiCI:42%KCI 
was added. The DTA suggested the melting points of the two catalysts to be 360% and 387OC, 
respectively (14). The test using an electric furnace showed that at 400'C. NiC12-LiCI-KCI is a 
homogeneous liquid, and MoCD-LiCI-KCI exists in a semi-motten state. While the catalytic effects become 
measurable below their melting points (Figures 2-3). the molten state provides much better catalyst 
dispersion and more intimate contact with coal, which offers an advantage in controlling the 
depolymerization of solid coal. The addition of LiCI-KCI to NiClZ and MoC13 also causes the formation of 
some complex ions such as NiC142- and MoC@ at low andlor high temperatures (21). The decrease in the 
acid strength is probably associated with the formation of such complex ions. In addition, our preliminary 
tests showed that NiC12 can be reduced by HZ at 400°C; MoC13 is not readily reducible even by using K 
(molten potassium) but it disproportionates at the temperatures above 420-450°C. They appeared to 
become stable upon the addition of LiCI-KCI at the reaction temperatures. 

Figure 10 shows a H-transfer network model modified from previous reports (16-17), and Figure 11 
presents a general reaction model (22). Recent research has revealed that coal reactivity is higherthan had 
been thought previously, and the liquefaction of coals under conventional process conditions involves 
considerable retrogressive reactions, as illustrated in,Figure 11 (PRIOM formation). especially in the cases 
of subbituminous coals and lignites (22-24). The use of NiCI2- and MoC13-LCI-KCI has been found to be 
especially effective for liquefying subbituminous coals. While the relative effectiveness of these two 
catalysts changes with the coals used, it appears that they can significantly stabilize the coal-derived 
fragments by interaction. direct and indirect hydrogenation (Figure 10) to suppress their retrogressive 
reactions (Figure 11). Although the model reactions using ethers did not provide positive support, this 
consideration is strongly supported by the fact that very high oil yields (56-65%, daf) were obtained from 
the subbituminous coals by using these catalysts in the absence of any solvent (Figure 5) , and the fairly 
high conversions (82-92%) are also an convincing evidence. In the runs of Akabira bituminous coals (16), 
the addition of tetralin was found to further increase coal conversions in the catalylic runs (84-86% to 91- 
94%), indicating that the use of Hdonor solvent is also beneficial. However, such a effect in the catalytic 
runs was much smaller than in the non-cataiytic runs (46 to 92%). It is likely that in the catalytic runs both Hz 
gas and the hydroaromatic products (Figures 6-7) contributed to H-transfer (Figure lo), in addition to the H- 
donation from solvent and from coal itself. In the noncatalytic runs at 400°C (16,22), the effect of tetralin 
addition appeared to be smaller for converting subbituminous coals such as Wandoan coal (49 to 61%) 
than for bituminous coals. It is to be noted that McMillen, Malhotra and co-workers (27-28) proposed that 
hydroaromatics can induce the cleavage of some strong bonds through radical hydrogen transfer. 

CONCLUSIONS 

The liquefaction of five coals established the general effectiveness of the two new ternary catalysts, NiCIZ- 
and MoC13-LiCI-KCI both in solvent-free runs and in the runs with added tetralin. The catalysts begin to 
interact with ma l  and exert measurable effects on coal pyrolysis in N2 and the participation of molecular Hz 
in coal liquefaction at the temperatures as low as about 300°C. The desirable features of these catalysts in 
coal liquefaction are characterized by the high oil yields and high conversions , and that molecular H2 is 
mainly consumed in producing oils without remarkable increase in gas-make. The active components in the 
ternary catalysts are NiClZ and MoCI3, in which the LiCI-KCI acts to adjust (decrease) the acidity and to 
suppress the cracking ability, which mntributes to balancing the catalytic functions. At the temperature 
of 4OO0C. NiClZ and MoC13 are solubilized and stabilized by LiCI-KCI. producing a chemically more stable, 
but mobile catalyst phase which is important for controlling coal depolymerization. LiCI-KCI binary salts are 
inactive for pure hydrocarbons but can interact with some heteroatomcontaining structures such as 
ethers. In the presence 01 tetralin solvent, NiCIP- and MoC13-LiCI-KCI increase the gas-phase Hz 
consumption but decrease the net hydrogen transfer from tetralin; the use of LiCI-KCI remarkably reduces 
the H2 consumption without any negative impact on product yields. The NiCI2- and Mockbased catalysts 
play a key role in promoting oil production from the coals, increasing the the contents of hydroaromatics 
and decreasing 0 and N contents of oils, probably by enhancing the cleavage of some connecting 
linkages and selectively promoting the hydrogenation of polyaromatics (to create in-situ H-donors). 
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FUTURE RESEARCH 

The present research contributes to an improved understanding of the key factors for developing novel 
multi-component. dual-functional catalysts. The catalysts examined and the conditions used, however, are 
not considered to be the best.Temperature-programmed pyrolysis and 1-p profiles for liquefaction of coals 
suggest that wals can be liquefied at the temperatures below 400°C. The future work on the acid catalysts 
should be directed toward the low-severity liquefaction. Efforts should be made to minimize the catalyst 
loading, and achieve better balance of catalytic functions.(suppressing the acid strength andlor increasing 
hydrogenating ability) by exploring novel formulations. For the effects of various catalysts. more attention 
should be given to liquefying low-rank coals, and to increasing oil yields (rather than the conversions 
toTHF solubles). The coal pretreatment followed by low-severity liquefaction using novel acidic dispersed 
catalyst should be tested in the future work. An interesting two-stage coal depolymerization procedure 
involving the use of Lewis acid such as FeC13 (3-20 wt% on coal) in the first stage and a base in the second 
stage at the temperatures of 250-310°C has been proposed by Shabatai and co-workers (27-28). Their 
results and our results suggest that selective reactions of coals at low temperatures in the presence of 
specific acid catalysts can be very effective in promoting coal depolymerization and oil production. If more 
effective dispersed catalysts for primary liquefaction and the supported catalysts with proper pore 
structure (29) for upgrading coal liquids, can be developed and applied, further reduction in severity of the 
current two-stage liquefaction processes (400460°C. 17-20 MPa) is practically possible. 
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Figure 1. Coal pyrolysis in Nz up to 600°C. 
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Figure 3. Reactor t-p profiles for liquefaction 
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Figure 2. Pyrolysis of Akabira coal in Nz. 

Figure 4. Dry liquefaction of Wandoan coal. 
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Figure 5. Dry liquefaction of coals. 
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SULFATED METAL OXIDES AS CATALYSTS 
FOR COAL-OIL COPROCESSING 

Vivek Pradhan, J. W. Tierney and Irving Wender 
Department of Chemical and Petroleum Engineering 

University of Pittsburgh, Pittsburgh, PA 15261 

ABSTRACT 

We recently reported on the investigation of the catalytic activities of iron and tin oxides 
treated with varying amounts of sulfate for the direct liquefaction of Argonne This 
paper deals with the use of the same catalysts in addition to novel bifunctional, bimetallic 
catalysts such as Mo/Fe20,.S0,2- containing about 0.5 to 2 wt% of Mo on the sulfate- 
promoted oxide (20-100 pprn Mo with respect to coal) for coprocessing of Argonne Illinois 
No.6 coal with Maya (650°F) ATB oil (20% coal+80% oil). The properties of these sulfate- 
promoted iron oxides before reaction and the types of active phases formed under 
liquefaction conditions (determined by XRD, electron microscopy, and Mossbauer 
spectroscopy) are correlated with their apparent activities for coprocessing carried out at 
400OC. The sulfated bifunctional catalysts containing about 3500 ppm Fe and 50 ppm Mo with 
respect to coal are highly active for coprocessing, giving 80+% total coal conversion and 70 
% yield of lighter oils with lilinois No. 6 coal and Maya ATB. These conversion values are 
higher than those obtained with ferric sulfate or carbonyl precursors such as Fe(CO), and 
Mo(CO),. High catalyst dispersion and surface acidity are major factors that contribute to 
increased activity of these catalysts; Mo contributes a good hydrogenation function. 

INTRODUCTION 

The effects of catalytic activities of sulfate-treated iron and tin oxides and their relation to 
their catalytic activities in direct coal liquefaction have been reported.', The high activity of 
these unsupported catalysts have been attributed mainly to their highly dispersed forms 
(available surface area per gm of catalyst) and to their enhanced surface acidity. 

It is important to note that these sulfated oxides [MxO&042j do not have real 
stochiometric formulas but are a symbol for oxides which contain chemically attached surface 
species usually constituting a few percent of the total oxide. With Fe20,/S0,2', for-instance, 
this could be considered as SO, chemisorbed on the Fe20, surface. We have found4 that the 
presence of a very small amount of moisture in the catalyst system helps maintain high acidic 
activity, likely due to transformation of the catalyst to its Bronsted acid form, responsible for 
generating carbocations. 

The effects of various anions such as CI-, PO:, and SO? in the form of dopants added 
to metal oxides to decrease their particle size has been the topic of considerable interest in 
material science since the early eighties. It is known5 that the sulfate anion prevents sintering 
of ceramic oxide powders during calcination, thereby reducing the,degree of crystallinity and 
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lowering the average crystallite size of these oxides. It has been shown that' the superacid 
Fe,O,JSO,z- forms a highly dispersed catalyst in the form of particles of about 30-100 A' units 
in diameter. It is this very property that also makes sulfated iron oxides good sensors for 
combustible gases.5 

Addition of molybdenum to the sulfated iron oxide provides an excellent hydrogenation 
function to contribute to the catalytic action of the highly dispersed, superacidic Fe,OJSO,2-. 

EXPERIMENTAL 

Catalyst Preparatlon and Characterlzatlon: The Fe,0,/S0,2' and Mo/Fe,OJSO," 
catalysts consisting of varying amounts of molybdenum were prepared using homogeneous 
coprecipitation followed by an incipient wetness technique. Ammonium heptamolybdate was 
used as a starting salt for molybdenum impregnation. Conditions for the preparation of these 
catalysts are given in Table 1. The catalysts were characterized by BET-surface area 
analysis, sulfur analysis, thermal stability measurements, X-ray diffraction, and electron 
microscopy. A Phillips X-ray Diffractometer using Cu-Ka radiation at 30 kV and 25 mA was 
used to obtain the powder diffraction patterns of the catalysts. 

Average crystallite sizes of these catalysts were calculated from line broadening of the 
peaks, corrected tor instrumental broadening. Transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM) were carried out for structural investigation of the 
catalysts using JEOL 35 CX SEM and JEOL 200 CX TEM models. The residues of coal 
liquefaction experiments were also analyzed using X-ray diffraction and a JEOL 2000 FX 
STEM (100 kV beam) with an energy dispersive X-ray spectrometer (EDX) to determine 
composition and dispersion information about the catalytic phases formed under liquefaction 
conditions. 

Reactlon Studies: Coprocessing experiments were conducted in a 300ml stainless steel 
autoclave (Autoclave Engineers) agitated by a turbine impeller and heated by a tube furnace. 
Coal (1 O.Og), 40.09 Maya ATB residuum, and the desired catalyst precursors/sulfated 
catalysts were placed into the reactor, which was flushed with helium and stirred at 50% for 
two hours to ensure mixing of the catalyst precursor in the viscous residuum. The reactor 
was pressurized with hydrogen to 6.9 MPa, heated to reaction temperature (400 or 425%) in 
30 minutes, and held there for 60 minutes while stirring at 1400 rpm. The reactor was then 
cooled to below 3OOOC in about five minutes. Soxhlet extraction with methylene chloride was 
used to determine conversion. Soluble products were recovered by rotary evaporation at 
45% under vacuum. Pentane solubles were determined by adding 40 volumes of n-pentane 
to the methylene chloride (CH,CI,) solubles and then using Soxhlet extraction with n-pentane. 
Transmission electron microscopy was carried out using a JEOL POOOFX STEM (100kV 
beam) with an energy dispersive X-ray spectrometer. 

RESULTS AND DISCUSSION 

Catalyst Characterlzatlon: The iron and tin oxides treated with different amounts of 
sulfate were characterized by DTMGA to determine their thermal stability. For sulfated iron 
oxides promoted with small amounts of molybdenum, MolFe,0,/S0,2~, decomposition of the 
sulfate group was found to occur above 6OOOC under an N, atmosphere. The effects of 
sulfate anion on reduction of grain sizes were published earlier? The average crystallite size 
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Of the oxide particles had decreased upon treatment with 2 to 6 wt % of sulfate anion; this 
was accompanied by a corresponding increase in the specific surface area of these oxides, 
observed when liquid nitrogen physisorption was carried out using the BET method. A linear 
relationship was observed between the concentration of sulfuric acid used for sulfate 
treatment and the final amounts of SO: groups on the iron oxides up to about 8 wt% sulfate 
loading. From X-ray diffraction studies of the sulfated iron oxides, a- and 'y-Fe,O, were bund 
to be the most abundant crystalline phases, while for tin oxides, the most abundant phase 
was crystalline SnO,. Catalyst characterization results are listed in Table 2. For 
Mo/Fe20,/S0: containing 20-100 ppm of Mo with respect to coal, no molybdenum was 
detected by X-ray diffraction; this could be due to the very fine dispersion of Mo apart trom its 
small concentration on the Fe20JS042- catalyst. Temperatures of the onset of liquefaction of 
Illinois No.6 coal using different sulfate-treated oxides as catalysts are listed in Table 2. 
These temperatures were determined using a high pressure, high temperature polarizing 
optical microscope with flowing H, at 300 psig pressure. Mo/Fe,0,/S042- catalysts were also 
characterized by electron microscopy and found to have a grain size of about 10-15 nm. The 
amounts of Mo in the datalysts were determined by inductively coupled plasma analysis. 

Reaction Studies: Initially a thermal (no added catalyst) run was carried out to determine 
the. catalytic activities of the mineral matter (especially pyrite) inherent in coal. The coal 
conversion values listed in this paper are calculated based on weight of the final residue. 

(I) Actlvlties of the Sulfated Oxides 
The sulfated iron and tin oxides were used in small concentrations for coprocessing of 

Illinois No. 6 with Maya ATB. Use of the Fe203/S0;- catalyst containing about 3.4 wt% of 
sulfate group, resulted in a coal conversion of 70 wt % with 72 wt O/- selectivity to oils at 
400% with about 3500 ppm iron with respect to the coal-oil mixture. When SnOJSO," (3.9 
wt% sultate) was used as the catalyst with 3500 ppm of tin 'at 4OO0C, about 62 wt% 
conversion was obtained with about 76 wt% selectivity to oils. A reaction was carried out with 
a molybdenum containing catalyst precursor, Mo(CO),, for comparison, using about 100 ppm 
Mo with respect to the mixture of coal and oil. This resulted in a 71 wt% coal conversion with 
70 W h  selectivity to lighter oils. Use of a bimetallic, bifunctional catalyst, Mo/Fe,0,/S0,2-, 
consisting of 50 ppm Mo and 3500 ppm Fe with respect to the coal-oil mixture gave a coal 
conversion ot 80 wt% with 80 wt% selectivity to lighter oils. The higher activity of this catalyst 
is attributed to the hydrogenation ability of Mo and, possibly, to the acid sites of the sulfated 
catalyst. Results of these catalyst activity comparisons and those obtained in the 
coprocessing reaction employing a bimetallic sulfated oxide of iron and tin, 
SnOdFe,0,/S0,2-, (with 1750 ppm of each iron and tin) are shown in Figure 1 (A). 

Enhancement in total conversions as well as conversions to oils obtained with sulfated 
oxides are attributed mainly to enhanced "dispersions" (surface aredgm) with a possible 
contribution from the high surface acidity of these oxides upon sulfate treatment. It is likely 
that, with increase in the specific surface area and decrease in the average particle size of 
the oxides upon addition of small amounts of the sulfate group, conversion of the oxides to 
active catalytic sulfide phases, especially non-stoichiometric sulfides of iron, is facilitated? 
More of the active catalyst surface of these sulfides becomes available for reaction. 

' 

(11) Actlvlty of Mo/Fe,0,/S0,2' Catalysts at 400 and 42PC 
Addition of small amounts of Mo to 0.5 to 2 Wtoh of the sulfated iron oxides (about 20-100 

ppm Mo concentration with respect to the coal-oil mixture) resulted in substantial 
improvement in the selectivity to oils. A series of experiments were carried out to determine 
the coprocessing conversion of Illinois No. 6 with Maya ATB at two different reaction 
temperatures (400 and 425OC) and for different amounts of Mo loadings on Fe20JS0,2-. The 
results of experiments carried out at 400 and 425OC are shown in Figure l(B). 
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Total coal conversions, as well as selectivities to lighter oils, increased for both 
temperatures with the amount of molybdenum in the sulfated iron oxide catalyst (0-100 ppm 
Mo with respect to the coal-oil mixture). Conversions as high as 84 Wto& (mar coal) with 
selectivity values of higher than 80 wt% were obtained at about 100 ppm Mo + 3500 ppm Fe 
added in the form of Mo/Fe,O$S0,2'. Surprisingly, we obtained slightly lower values for both 
coal conversion and selectivity to oils in almost all the reactions carried out at 425°C as 
compared to those at 400OC. This apparent decrease in coprocessing conversion is likely due 
to the extensive coking reactions occurring because of the presence of an acidic functionality 
in the catalyst. The coal liquefaction residues obtained in this case (425%) had a rock-like 
appearance. 

All of the aforementioned reactions were carried out without adding any external sulfur 
compound since Illinois No. 6 coal and the heavy oil (Maya ATB) together have enough sulfur 
to sulfide the added metals during reaction. Nevertheless, a run was made with addition of 
elemental sulfur (10% in excess of that required for complete sulfidation of both the Fe and 
Mo in the catalyst) to the coal-oil mixture prior to reaction at 400% with 3500 ppm of iron and 
100 ppm of Mo . No effect of the added sulfur was observed on either overall coal 
conversion (86 wt%) or the selectivity to lighter oils (82 wt%). 

Product Characterlzatlon: 
(1)Elemental Analyses of Methylene Chlorlde-Soluble Products 
The methylene chloride solubles of the coprocessing product from using the Fe-Mo 

precursor were analyzed for C,H,N, and S contents. As seen from Table 3, an improvement 
in the H/C atomic ratios is obtained for the soluble products for the sulfated iron oxides 
containing small amounts of molybdenum as catalysts. At the same time, a significant degree 
of sulfur and nitrogen removal (75 to 80 % HDN and HDS) is obtained. With the 
Mo/Fe,0,/S0,2' catalysts, this could be attributed to the enhanced acidic strength and high 
dispersions of the catalysts and the hydrogenative function contributed by Mo. 

(11) X-Ray Dlffractlon and Electron Mlcroscopy of Resldues 
X-ray diffraction (XRD) was performed on the methylene chloride-insoluble fraction of the 

coprocessing runs carried out with Illinois #6 mal  with added iron catalysts. Transmission 
electron microscopy was employed to determine the size range of the iron- and molybdenum- 
containing particles produced from Fe(CO), and Mo(CO), precursors. To eliminate 
interference of the iron and other mineral matter in the coal, a model system was used which 
consisted of activated carbon with molybdenum or Fe-Mo deposited on it. This mixture was 
produced by heating a mixture of activated carbon (with a very low iron content), toluene 
(solvent), and Mo(CO), with or without Fe(CO), in an autoclave to decompose the precursor 
into small particles, some of which would end up on the carbon support. Similarly, for the 
electron microscopic studies, a Mo/Fe,OJSO," catalyst was deposited on an activated 
carbon matrix using tetralin as dispersion medium. These TEM images show the catalyst 
particles containing Fe and mo on active carbon with sizes ranging from 10-30 nm. 
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CONCLUSIONS 

Sulfated iron and tin oxide catalysts were found to be active for the coprocessing of 
Argonne Illinois No.6 coal with Maya ATB (20:80 coal:oil) both at 400 and 425°C. For a 
bimetallic catalyst, Mo/Fe,03/S0,2-, consisting of 50 ppm Mo and 3500 ppm iron, a 78 Yo coal 
conversion of Illinois No. 6 was obtained with an oil- selectivity of 80 % at 400T. The 
sulfated iron oxide catalysts with small amounts of Mo(20-100 ppm) were more active than 
the soluble precursors of the same metals at 4OO0C. Significant HDN (-75 %) and 
HDS(-80%) were obtained with Mo-promoted sulfated iron oxide catalysts. We attribute the 
higher activity of the sulfated oxides to their fine grain size (30-100 AO) with increased catalyst 
dispersion and to increase in their acid strength. The comparison between the activities of 
sulfated oxides and the soluble precursors shows that finely divided solid catalysts could be 
as active as the catalysts produced from the soluble precursors of iron and molybdenum. 
Thus, the catalytic activity of the sulfated oxides are the result of several factors: the fine 
grain size is probably of the greatest importance, the superacidity of the starting catalysts 
may play a part during the initial phases of the reaction. In the case of Mo/Fe,03/S0,2', the 
hydrogenation ability of Mo certainly plays a part. However, there is still much to be learned 
about the mechanisms involved in these types of reactions. With these superacidic sulfated 
metal oxides as catalysts, the chemistry of the reactions in coal liquefaction could be different 
from what is known so far (such as possible involvement of radical ion intermediates). These 
finely divided solid catalyst-precursors therefore show great promise for application in 
hydroprocessing reactions 
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Catalyst I Catalyst I Desianation 

Table 1. Preparation Conditions of Sulfated Iron and Tin Oxides 

Starting Salts Norm. H$O, Calcination,TOC 

Fe,O,/S0,2' 
Mo/Fe,0,/S04Z' 
Mo/Fe20,/S0,2- 
Mo/Fe,0,/S0,2- 

SnOdS04i- 
SnOJFe,O$SO,?' 

' I 
Ii 

111 
IV  
V 
VI 

Fe Aiuma 
Fe Aluma 
Fe Aluma 
Fe Aluma 

SnCI4/5H,O 
Chloride Saltsb 

6.0 
6.0 

500 
500 
500 
500 
600 
500 

a Urea was used as the precipitating agent whereas ammonium heptamolybdate was 

The ferric and tin chloride salts were used here with 28 % ammonia water as a 
used to impregnate small amounts of Moon sulfated iron oxide before calcination. 

precipitation agent. 

Table 2. Physicochemical Properties of the Sulfated Oxide Catalysts 

20-30 nm 
15-20 nm 

2.0 92.21 9 nm 10-1 5 nm 400 
146.23 5 nm 10-15 nm 385 
320.00 5 nm 5-10 nm 

a Onset coal liquefaction temperature for a non-catalytic liquefaction run for Argonne 
Illinois No.6 coal was 45OOC as determined using a high temperature, high pressure 
polarizing microscope. 

Table 3. Elemental Analysis of CH2CI, Solubles Obtained from 
Coprocessing of Illinois No.6 and Maya with Different Catalysts 

This catalyst consisted of equal weight percents of SnO, and Fe,O,. 

None 0.25 
0.55 
0.72 2.13 1.53 
0.33 3.01 1.50 

2.94 1.57 
0.40 2.89 1.52 

a All runs were made with Illinois No.6, 425OC, 1000 psig cold H,, 60 minutes, 20 wt% 
coall80 wt% Maya ATB. 

Fe(CO), was used in this run with Mo-naphthenate. 
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A 

B 

90 I 

x 

Setal Content of :he Sulfated Oxide Catalyst 

Figure 1. (A) Activity of Sulfated Metal Oxides for Coprocessing of Illinois No.6 
Coal at 4OO0C, 1000 psig cold H,, 1 h and (B) Activity of 

Mo/Fe,OJSO? Catalysts for Coprocessing at 400 and 425OC, 
1000 psig cold H,, 1 h 
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DIHYDROQUINONE FOR ENHANCING COAL LIQUEFACTION YIELDS 

J. H. Penn', Y,-Q. Liu, and P. Yassini 
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Keywords: Dihydroquinone, Coal Liquefaction, THF extractables 

Abstract 

coal continues to be an area of active interest. During our 
studies directed towards the use of PI-acceptor induced bond 
cleavage reactions, we have found that 1,4-dihydroquinone 
enhances the yield of THF-extractables for a series of coals 
ranging from low rank sub-bituminous to high volatile bituminous. 
In certain cases, benzoquinone can also enhance the yields of THF 
extractables from coal. 'These reactions take place at 
surprisingly low temperatures (i.e., 200°C). 

Finding reagents and/or catalysts to enhance liquefaction of 

Introduction 

As part of our on-going effort to develop new ways to cleave 
bonds (1) through the use of electron transfer chemistry, we 
have been particularly interested in the reactions of quinones 
and their ability to cleave ether bonds ( 2 ) .  Representative of 
our work to date is the reaction of benzyl ether (BE) with 2,3- 
dichloro-5,6-dicyano-l,4-quinone (DDQ) which yields benzaldehyde 
and benzyl alcohol when heated together at 200°C in acetonitrile 
(CHJN) ( 2 )  as shown in eq (1). 

0 

+ PhCHO + phi/\OH 

CI CN 

0 

Although the use of quinones proved to be useful to bond 
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c leavage i n  model compounds, quinones proved t o  have only a small  
e f f e c t  on enhancing l i q u i d  y i e l d s  l i q u i d s  from c o a l  under s i m i l a r  
condi t ions  t o  t h o s e  used i n  model compound s t u d i e s .  
I n t e r e s t i n g l y ,  smal l  q u a n t i t i e s  of quinones d i d  appear t o  have a 
small p o s i t i v e  e f f e c t  on achiev ing  g r e a t e r  q u a n t i t i e s  of THF- 
e x t r a c t a b l e s .  One r a t i o n a l e  f o r  t h i s  lack  of enhancement a r i s e s  
from t h e  o x i d i z i n g  na ture  of t h e s e  compounds. Since t h e  major 
goal  f o r  l i q u e f a c t i o n  seems t o  involve  t h e  a d d i t i o n  of hydrogen 
t o  t h e  molecular  framework of t h e  c o a l  polymer a s  i t  unrave ls ,  we 
reasoned t h a t  dihydroquinones,  a s  t h e  redox couples  of quinones 
(note  eq  ( 2 ) ) ,  might prove e f f e c t  i n  i n c r e a s i n g  l i q u i d  y i e l d s .  
Although dihydroquinones have been used a s  p a r t  of a complex 
mixture  f o r  enhancing coa l  l i q u e f a c t i o n ,  we r e p o r t  here  t h a t  DHQ 
by i t s e l f  i s  s u f f i c i e n t  t o  enhance t h e  amount of THF-extractable 
m a t e r i a l  from a number of c o a l s .  

Experimental  

Samples of c o a l  were obta ined  from t h e  Argonne Premium Coal 
Sample Bank. Bakerstown c o a l  and S e w e l l  c o a l  were ,obta ined  from 
t h e  West V i r g i n i a  Coal Sample Bank. 

A given weight of c o a l  and a given weight of t h e  added 
reagent  were added t o  5 mL of a c e t o n i t r i l e  (CH,CN, f r e s h l y  
d i s t i l l e d  from NaH) i n  a 1 0  mm g l a s s  tube .  Oxygen was removed 
from t h e  s o l u t i o n  v i a  3 freeze-pump-thaw degassing c y c l e s  and t h e  
sample tube  w a s  t h e n  s e a l e d  in vacuo. The sample tube  was placed 
i n  a t u b i n g  bomb r e a c t o r  t o  which excess  CH,CN was added t o  
e q u a l i z e  t h e  p r e s s u r e  on t h e  o u t s i d e  and i n s i d e  of t h e  g l a s s .  
The tube  was t h e n  p laced  i n  an o i l  b a t h  a t  t h e  i n d i c a t e d  
temperature  f o r  t h e  i n d i c a t e d  l e n g t h  of t i m e .  A f t e r  removal f r o m  
t h e  o i l  ba th ,  t h e  c o n t e n t s  of t h e  g l a s s  tube  a r e  p laced  i n  a 
Soxhle t t  e x t r a c t o r  and re f luxed  with THF f o r  24  h .  A f t e r  
evapora t ion  of t h e  THF in vacuo, t h e  weight of t h e  e x t r a c t  and 
t h e  weight of t h e  i n s o l u b l e s  were determined.  

R e s u l t s  and Discuss ion  

In o r d e r  t o  e v a l u a t e  t h e  e f f e c t  of a reagent  on l i q u e f a c t i o n  
of coa l ,  c o n t r o l  experiments  were performed with no added reagent  
t o  e s t a b l i s h  t h e  amount of e x t r a c t a b l e s  without  reagent .  I n  a l l  
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cases ,  t h e  c o a l  was heated a t  200T f o r  48 h i n  t h e  i n d i c a t e d  
s o l v e n t .  Not s u r p r i s i n g l y ,  t h e  choice of s o l v e n t  does have an 
e f f e c t  upon t h e  amount of THF-extractables ob ta ined  i n  t h e s e  
experiments.  The r e s u l t s  of t h e s e  experiments  a r e  given i n  
Table I .  A s  expected, t h e r e  i s  a s o l v e n t  dependence on t h e  
amount of THF-extractabi l i ty  as evidenced by t h e  e f f e c t s  shown on 
t h e  Bakerstown c o a l .  These experiments were mandated by t h e  h igh  
mass ba l ances  a f fo rded  by a c e t o n i t r i l e  (CH,CN). S ince  a l l  o t h e r  
s o l v e n t s  y i e lded  mass balances less t h a n  l o o % ,  w e  conclude t h a t  
i nco rpora t ion  of CH,CN i n t o  t h e  i n s o l u b l e s  and i n t o  t h e  THF 
e x t r a c t a b l e s  occurs  s i m i l a r l y  i n  a l l  experiments.  

The resu l t s  of adding a 1:l weight r a t i o  of dihydroquinone 
(DHQ) t o  t h e  c o a l  a r e  shown i n  Table 11. I n  t h e s e  experiments,  
t h e  coa l  and t h e  DHQ have been hea ted  t o g e t h e r  i n  t h e  i n d i c a t e d  
so lven t  f o r  48 h a t  200°C. In t h i s  t a b l e ,  t h e  e f f e c t s  of t h e  
reagent  are given by a Liquefact ion Enhancement ( L . E . )  which has  
been de f ined  by e q  ( 3 ) .  In  t h i s  equa t ion ,  THFCoa1 and THFDHQ are 
t h e  amounts of e x t r a c t a b l e s  when e i t h e r  t h e  c o a l  o r  DHQ a r e  
t r e a t e d  a lone .  Normalization t o  t h e  s t a r t i n g  amount of c o a l  is 
performed t o  enable  comparison of one c o a l  t o  ano the r  c o a l .  

(3) (To ta l  THF extract) - (THFCmI+THFDm) 
s t a r t i n g  weight coal L . E .  = x100% 

A s  can be seen i n  Table 11, reasonab le  enhancements i n  t h e  
l i q u i d  y i e l d s  a r e  obtained.  These r e s u l t s  are made more 
remarkable when one cons ide r s  t h a t  t h e s e  LEs  were ob ta ined  f o r  
temperatures  as low as 200°C. A so lven t  dependence i s  noted f o r  
t h i s  e f f e c t ,  with only CH,CN and cyclohexane (C,H,,) showing 
p o s i t i v e  enhancements. 

specu la t e  t h a t  DHQ s e r v e s  p r imar i ly  as  a hydrogen donor.  In  
support  o f  t h i s  hypothesis ,  DEQ g i v e s  a g r e a t e r  LE t h a n  t e t r a l i n  
(L.E.=-12%) f o r  Bakerstown c o a l  under similar cond i t ions .  Since 
a l i m i t e d  amount of 1,4-benzoquinone (BQ) shows a sma l l  p o s i t i v e  
L . E . ,  t h e  use of DHQ o f f e r s  t h e  p o s s i b i l i t y  t h a t  a c a t a l y t i c  
cycle  may b e  opened up, making t h e  p r o d u c t ( s )  of DHQ ( i . e . ,  BQ) 
e f f e c t i v e  f o r  more l i q u e f a c t i o n  a c t i v i t y .  
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CH,CN 3 . 4  

CH,CN 4 5 . 4  
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E n h a n c e m e n t s  Using DHQ a s  a C o - r e a g e n t  
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ABSTRACT 

The catalytic activity of vanadium'for hydrogenation and heteroatom removal 
reactions occurring in coal-oil processing was evaluated using model systems. 
Two-ring aromatics, hydroaromatics and heteroatomic species containing S ,  N and 0 
were selected as the models representing typical species in coal and oil. 
Vanadium catalysts generated i n  s i t u  from organic vanadium complexes, such as 
vanadium acetylacetonate and vanadylacetylacetonate, were activated in the 
presence of sulfur. Their activity increased as the amount of sulfur present 
increased. 
aromatics to hydroaromatics but far less active for the further saturation to 
alicyclic compounds. 
nitrogen compounds, showing lower activity for N removal than for S and 0 removal 
and achieving low amounts of hydrogenation and heteroatom removal of other 
reactants when nitrogen compounds were present. 

The vanadium catalysts were active for partial saturation of two-ring 

The vanadium catalysts were severely poisoned by organic 

INTRODUCTION 

Vanadium (VI is one of the most abundant trace metals in petroleum and is more 
concentrated in the petroleum residuum than in the crude.(l) V sulfides, which 
are generated from their organic precursors such as V naphthenate, octoate or 
acetylacetonate in the presence of sulfur, have been used as hydrodesulfurization 
catalysts in petroleum refining.(2-5) The V indigenous to residuum may form V 
sulfide and be catalytic under coal-oil processing conditions. These species may 
influence the reaction pathways and product slates involved in the processing. 

The objective of this study is to evaluate the catalytic activity of V sulfide 
for hydrogenation and heteroatom removal reactions occurring in coprocessing. 
The activity and selectivity of in s i t u  generated V sulfide were evaluated by 
reacting model hydrocarbon and heteroatomic systems with V precursors, vanadium 
acetylacetonate and vanadylacetylacetonate, and excess sulfur under coal-oil 
processing conditions. The activity and selectivity of i n  s i t u  generated V 
sulfide for the reactions of model compounds were also compared to those of a Mo 
sulfide catalyst generated i n  s i t u  from Mo naphthenate and sulfur. 

EXPERIWENTAL 

Chemicals 
The model reactants used were naphthalene (99%), indan ( 9 7 1 1 ,  indene (99%), 
benzothiophene ( 9 7 % ) ,  o-cresol (99%), benzofuran ( 9 9 . 5 % ) ,  quinoline (99%) and 
indole (99%). n-Hexadecane (99%) was used as a solvent. All of these chemicals 
were obtained from Aldrich. The V precursors were vanadium(II1) acetylacetonate 
(VACAC) and vanadyl(1V)acetylacetonate (VOAcAc). VAcAc was obtained from 
Shepherd Chemical and Aldrich, and VOAcAc was obtained from Aldrich. 

and A n a l v m  
Hydrogenation reactions were conducted in 20 cm3 batch tubing bomb microreactors. 
Four grams of hexadecane solution containing 2 wt% naphthalene and/or 1 wt% of 
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each of other reactants were charged to the reactor. The V precursor was 
introduced at a level of 2850 to 2950 ppm V while always keeping a constant 
weight ratio of V to reactant. 
three times the stoichiometric amount of sulfur to form VzSs from V precursors, 
was added to the reaction. Prior to the reaction, 1250 psig H, was introduced at 
ambient temperature. The reactions were conducted at 380T for 30 minutes with 
horizontal agitation at 550 cpm. The liquid products were analyzed by gas 
chromatography using a 30 m fused silica DB-5 column (.I & W Scientific) and FID 
detection with p-xylene as the internal standard. Some of the reaction products 
were identified by GC/MS equipped with a VG 7OEHF mass spectrometer and a Varian 
3700 gas chromatograph. 

RESULTS AND DISCUSSION 

Excess elemental sulfur, 0 . 0 3 4  g S which was 

The catalytic activity of V generated i n  s i t u  from VAcAc and VOAcAc was 
investigated in hydrogenation reactions of hydrocarbons and heteroatomic species 
individually or in combination under coprocessing conditions. In addition, the 
effect of sulfur on the activity of V species was determined. 

The degree to which hydrogenation and heteroatom removal occurred in each 
reaction is reported in terms of percent hydrogenation (7. HYD), percent 
hydrodesulfurization ( X  HDS), percent hydrodeoxygenation ( X  HDO), and percent 
hydrodenitrogenation (Z HDN). The X HYD is defined as the number of moles of 
hydrogen used to achieve the final liquid product distribution as a percentage of 
the moles of hydrogen required to achieve the most hydrogenated liquid product. 
The X HDS, X HDN and X HDO are the summations of the mole percents of products 
not containing sulfur, nitrogen and oxygen, respectively. In the calculation of 
X HYD, the most hydrogenated liquid products defined for the systems used were 
decalin for naphthalene and tetralin; cyclohexane for indan, indene, 
benzothiophene, o-cresol, benzofuran, and indole; and n-propylcyclohexane and 
n-butylcyclopentane for quinoline. 

btalvt 
The activity of V generated in s i t u  from VAcAc and VOAcAc in the presence of 
excess sulfur was evaluated for hydrogenation of aromatics and alkylaromatics: 
naphthalene, tetralin, n-butylbenzene, n-propylbenzene, ethylbenzene and toluene. 
The result was compared to the activity of in situ generated Mo sulfide at the 
same metal loading level for the same systems. The V species from both 
precursors showed high activity for partially saturating two-ring aromatics to 
hydroaromatics, but low activity for fully saturating the two-ring aromatics or 
single-ring alkylaromatics to alicyclics and alkylalicyclics as did the no 
sulfide; only 2-52 of aromatic ring in alkylaromatics was saturated to 
alkylalicyclics with VAcAc, and only 3-9% was saturated with VOAcAC. 
the V sulfide catalysts showed a slightly higher activity for both the aromatic 
ring saturation and the ring hydrogenolysis than the Mo sulfide catalyst. 

vitv of V C a n  Bctivitv and Selecti 

The catalytic activity and selectivity of in s i t u  generated V for reactions 
involving hydrogenation, hydrogenolysis and heteroatom removal were evaluated by 
using individual model systems. 
hydrogenation and heteroatom removal achieved with V catalysts were compared to 
those from comparable systems reacted with i n  situ generated Mo sulfide at 
equivalent reaction conditions (Tables 1). 

. .  ic Activitv of V for Aromatic Rine Saturation 

However, 

ion and Hetsoatom 

The major products and the degree of 

e and TetraLia, 
a partially saturated hydroaromatic, tetralin, as the primary product, as the 
Same product with Mo sulfide. 
decalin from both reactants, hence achieving higher X HYDs, than did Mo sulfide. 

With V sulfide, both naphthalene and tetralin produced 

V sulfide, especially from VOAcAc, produced more 
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The V sulfide also produced various hydrogenolyzed products. 

L+m and ring of indan as did Mo sulfide. 
catalysts, but only less than 12% of indan was converted further to fully 
saturated hexahydroindan, predominantly to cis-hexahydroindan. Compared to Mo 
sulfide, V catalysts were relatively more active for saturating the aromatic ring 
and for hydrogenolyzing the five-membered ring, showing a higher % HYD. 

BenzothioDhene. VAcAc and VOAcAc without sulfur was nearly inactive for 
hydrogenation of benzothiophene. But in the presence of excess sulfur, both V 
precursors almost completely hydrodesulfurized benzothiophene, producing 
ethylbenzene and ethylcyclohexane as the primary and secondary products, 
respectively. 
producing ethylcyclohexane; the mole ratio of ethylcyclohexane to ethylbenzene 
produced was 6:90 with MoNaph, 23:72 with VAcAc and 23:66 with VOAcAc. Hence, V 
sulfides yielded higher % HYD than Mo sulfide. 

9-CresqL In the absence of sulfur, VAcAc and VOAcAc did not catalyze the 
deoxygenation of o-cresol. But, in the presence of excess sulfur, o-cresol was 
completely deoxygenated with both precursors. 
sulfides removed more oxygen and produced more alkylalicyclics, such as 
methylcyclohexane, ethylcyclopentane and their isomers, and less alkylaromatics 
such as toluene, hence yielding higher % HYD. 

Benzofuran. With VAcAc and VOAcAc in the absence of sulfur, no oxygen was 
removed from benzofuran. But in the presence of excess sulfur, both VAcAc and 
VOAcAc completely converted benzofuran and achieved a high level of oxygen 
removal, producing ethylcyclohexane and ethylbenzene as the primary and the 
secondary products, respectively. V catalysts were more active for 
hydrogenolyzing the five-membered ring and removing oxygen from benzofuran than 
Mo sulfide. 

Oulnollne. 
low activity for the hydrodenitrogenation of quinoline. 
generated Mo sulfide, quinoline was completely converted, achieving 90% HDN. 
Propylcyclohexane and butylcyclopentane were the major products. 
only 31% HDN and 36% HDN were achieved with VAcAc and VOAcAc, respectively, and 
1,2,3,4-tetrahydroquinoline was the major product. The low activity for nitrogen 
removal and, thus, the low % HYD achieved suggested that the V sulfides, which 
were highly active for hydrogenation of aromatics and removal of S and 0, might 
be severely poisoned by organic nitrogen compounds. 
precursors were nearly inactive for quinoline denitrogenation. 

V sulfides showed low activity for saturating the aromatic , 
Indene was completely converted to indan with V 

When compared to Mo sulfide, V sulfides were more active for 

When compared to Mo sulfide, V 

VAcAc and VOAcAc in the presence of excess sulfur showed a relatively . .  

With the in situ 

By contrast, 

In the absence of sulfur, V 

With VAcAc and VOAcAc in the presence of excess sulfur, indole was 
completely converted, yielding o-ethylaniline as the primary product and 
ethylcyclohexane as the secondary product. V sulfides were less active for 
nitrogen removal compared to Mo sulfide,. This low activity for indole 
denitrogenation again suggested that the activity of V catalysts might be 
severely inhibited b y organic nitrogen compounds. 
not catalyze the nitrogen removal from indole. 

Without sulfur, VOAcAc did 

Pathwav of Heter- Because V sulfides did not actively 
catalyze the direct hydrogenation of ethylbenzene to ethylcyclohexane (only up to 
3-4%) and toluene to methylcyclohexane (5-9%), the large amounts of 
ethylcyclohexane produced from the hydrogenation of benzothiophene (23% with 
VAcAc and VOAcAc), benzofuran (66% with VAcAc, 58% with VOACAC) and indole (26% 
with VAcAc, 32% with VOAcAc) and methylcyclohexane from o-cresol hydrogenation 
(60% with VAcAc, 5 5 %  with VOAcAc) appeared to be produced from heteroatom- . 
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containing intermediates: octahydrobenzothiophene and 2-ethylcyclohexanethiol for 
benzothiophene, octahydrobenzofuran and 2-ethylcyclohexanol for benzofuran, 
perhydroindoline and 2-ethylcyclohexylamine for indole, and methylcyclohexanol 
for o-cresol. Therefore, heteroatom removal with V sulfides was simultaneously 
achieved through two different pathways as with Mo sulfide.(6) For removal of 
the heteroatom from benzothiophene, benzofuran and indole, one pathway proceeded 
through the hydrogenation to dihydro-products, followed by heteroatom removal, 
producing ethylbenzene, and the other pathway proceeded through the aromatic ring 
saturation, thereby producing the heteroatom-containing saturated intermediates 
that later released heteroatoms, producing ethylcyclohexane. For o-cresol, one 
pathway proceeded through direct oxygen removal from o-cresol, producing toluene, 
and the other proceeded through aromatic ring saturation, producing methylcyclo- 
hexanol, and then followed by oxygen removal, producing methylcyclohexane. When 
compared to Ho sulfide, V sulfides catalyzed the heteroatom removal principally 
through the second pathway, which utilized the heteroatom-containing saturated 
intermediates to produce alkylalicyclics. Hence, the X HYD achieved with V 
sulfides was higher than that with Mo sulfide in all cases except f o r  the systems 
containing nitrogen compounds. 

Effect of C- 
The effect of additional hydrocarbon and heteroatomic species on the 
hydrogenation o f  other reactants was tested with VOAcAc in the presence of excess 
sulfur (Table 2). In this experiment, two compounds o f  naphthalene, indan, 
benzothiophene, o-cresol, benzofuran, quinoline, indole or pyridine were mixed. 

Effect on Hvdraeenation. The activity of V sulfide for naphthalene 
hydrogenation was not affected much by other hydrocarbons, sulfur-compounds or 
oxygen-compounds. The slightly reduced X HYD of naphthalene was because of 
possible competitive reactions occurring on the same active sites of the 
catalyst. When nitrogen-containing compounds were mixed, the activity of V 
sulfide was tremendously reduced, indicating that organic nitrogen compounds 
inhibited the activity of V sulfide for hydrogenation of aromatics. 

Lffect on B p  Nitrogen-containing reactants and 
products severely inhibited the activity of VOAcAc for sulfur removal from 
benzothiophene, while hydrocarbons and oxygen-compounds reduced X HYD in a small 
amount by competitive reactions on the same catalyst. 

Effect on t he Hvdrodeoxveenation of o-Cresol and Benzofuran. The extent of 
hydrodeoxygenation catalyzed by V sulfides was slightly reduced by additional 
sulfur-compounds, while not being greatly affected by other hydrocarbons and 
oxygen-compounds. 
catalyst for HDO was severely inhibited. 
to be the most detrimental to V sulfide catalysts not only for the 
hydrodenitrogenation of nitrogen-containing reactants but also for other 
hydrogenation and heteroatom removal reactions. 

. .  

When quinoline was added, the activity of the V sulfide 
Therefore, nitrogen compounds appeared 

The activity of V species was generated in the presence of sulfur. 
the amount of sulfur on the activity of in s i t u  generated V species was examined 
using naphthalene hydrogenation (Table 3 ) .  Without sulfur, neither V precursors 
showed any activity for naphthalene conversion. When sulfur was added, catalytic 
activity of the V species was observed. 
conversion of naphthalene to decalin, indicating that the activity of the i n  s i t u  
generated V catalyst strongly depended on the amount o f  sulfur present. 

The effect of sulfur amount on the activity of V catalysts for hydrogenation of 
aromatics and heteroatom removal was also tested by introducing more sulfur in 
combined reactions (Table 4 ) .  Two different levels of sulfur, three times and 

The effect of 

Addition of more sulfur induced higher 
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nine times the stoichiometric amount of sulfur required to form V,S, (0.034 g and 
0.102 g S ,  respectively), were added in each reaction set. In the hydrogenation 
Of combined sets of naphthalene-indan, naphthalene-benzothiophene and 
naphthalene-indole, the higher sulfur amount achieved higher % HYDs of all 
reactants and also markedly increased the extent of nitrogen removal from indole. 
However, in the combined reaction of naphthalene and o-cresol, more sulfur 
increased naphthalene hydrogenation, but it decreased o-cresol deoxygenation and 
thereby'decreased o-cresol hydrogenation. These results indicated that the 
addition of more sulfur could enhance the activity of V sulfide for aromatic 
hydrogenation, sulfur removal and nitrogen removal, but that excessive sulfur 
might reduce the activity of V sulfide for oxygen removal. 

SUMMARY 

The activity of V sulfide generated in situ from VACAC and VOAcAc was strongly 
dependent upon the amount of sulfur present. 
in the model hydrogenation and heteroatom removal reactions were somewhat similar 
to those observed with the in situ generated Mo sulfide. In the hydrogenation of 
aromatics and alkylaromatics, V sulfide was active for the partial saturation of 
an aromatic ring in multiring aromatics but far less active for the further 
saturation to alicyclics and for the saturation of single-ring alkylaromatics. 
The heteroatom removal with V sulfide simultaneously occurred through two 
pathways as did with Mo sulfide: one pathway for heteroatom removal prior to 
saturation of the aromatic ring, producing alkylaromatics and the other for 
heteroatom removal following the saturation of the aromatic ring. producing 
alkylalicyclics. When compared to Mo sulfide, the V sulfide was more active for 
the hydrogenation of aromatic rings adjacent to the heteroatom before the 
heteroatom was removed, producing more heteroatom-containing alkylalicyclics as 
the intermediates and thus more alkylalicyclics in the final product slates. 
Therefore, V sulfide achieved higher % HYDs in the hydrogenation of .oxygen and 
sulfur-containing compounds than did Mo sulfide. V sulfide was more active for 0 
removal but less active for N removal than Mo sulfide. 

In combined reactions, the activity ,of V sulfide for hydrogenation and heteroatom 
removal was only slightly affected by other aromatics, hydroaromatics, organic 
sulfur compounds, and organic oxygen compounds, but it was severely inhibited by 
organic nitrogen compounds. A higher content of sulfur enhanced the activity of 
V sulfide for the hydrogenation of aromatics, hydroaromatics and sulfur- and 
nitrogen-containing compounds and for the removal of S and N. However, this 
excessive sulfur slightly inhibited the activity of V sulfide for 0 removal. 

Because coprocessing feed materials contain several percents of indigenous 
sulfur, the V indigenous to residuum may be converted to V sulfide in situ and 
show a catalytic activity for the aromatic hydrogenation and heteroatom removal 
reactions involved in coprocessing. However, because the activity of V sulfide 
can be inhibited by organic nitrogen components indigenous to the feed materials, 
V sulfide can be far less catalytic in coprocessing than that shown in the model 
hydrogenation reactions. 

The characteristics of V sulfides 
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Table 2. Effect of Multiple Compounds on the V Sulfide-Catalyzed 
Hydrogenation of Naphthalene, Benzothiophene, o-Cresol 
and Benzofuran' 

(A) Naphthalene 
~ 

Additional 
Compoundb 

~~ 

Naphthalene 
% HYD 

None 
Indan 
Benzothiophene 
Benzofuran 
o-Cresol 
Quinoline 
Indole 
Pyridine 

50.8i3.0 
43.5i1.2 
50.1 
49.0i2.5 
48.8i3.9 
5.7i0.6 
9.1i0.1 

14.4i1.6 

(B) Benzothiouhene 

Additional 
Compoundb 

Benzothiophene 
% HYD X HDS 

None 
Naphthalene 
o-Cresol . 
Quinoline 

50.3i0.6 100.OiO.O 
48.2 100.0 
46.7k0.5 100.OiO.O 
19.8kO.5 32.3+1.4 

(C) o-Cresol and Benzofuran 

Reactant 
Additional 
Compoundb Benzofuran 

7. HYD X H W  % HYD X H W  

None 71.6i0.2 100.0*0.0 69.1i0.2 98.6i0.1 
Naphthalene 69.3i2.3 97.1k2.9 67.4i1.9 95.5i3.5 
Benzothiophene 66.0i0.7 92.5i1.2 - 
Benzofuran 72.7 100.0 - 
o-Cresol 69.9 100.0 
Quinoline 7.3k0.3 12.8i0.6 26.0i0.1 5.2i0.2 

a Most of the reactions were performed two or three times with VOAcAc 

- - 

and 0.034 g S and the % HYD, % HDS and % H W  were expressed as an 
average value and a standard deviation in the form of X i on. 
In calculating % HYD, the most hydrogenated liquid products determined 
were decalin f o r  naphthalene and cyclohexane for benzothiophene, 
o-cresol and benzofuran. 
Each reactant except for naphthalene (2 wt%) was added at 1 wt% level 
in the hexadecane solution. 
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Table 3. Effect of Sulfur AmOUnt on the Activity of I n  S i t u  Generated 
Vanadium Catalysts in Hydrogenation of Naphthalene 

Sulfur Amount* 
Product, 
mole X 0 1 2 3 5 10 

~~~~ 

VAcAc 
0.9 5.3t1.5 35.7t1.4 42.9t0.8 50.2tO.8 61.3 - - - 1.09tO.08 1.14i0.03 1.37 

X H Y P  
t-D/c-D RatioC 

VOAcAc 
X W D b  0.7 21.2 40.4 50.8t3.0 57.3t1.1 NPd 
t-D/c-D Ratio' - - - 1.10t0.02 1.13t0.01 

a 
b 

Multiples of the stoichiometric amount of sulfur required to form V&. 
X HYD calculated using decalin as the most hydrogenated liquid product. 
Approximate ratio of trans- to cis-decalin. 
NP: not performed. 

Table 4. Effect of SuLfur Amount on the V Sulfide-Catalyzed 
Hydrogenation of Model Compoundsa 

Sulfur Amountb ReactantsC 

Naphthalene/Indan 

3 
9 

Naphthalene Indan 
X HYD X HYD 

4 3 . M  .2 3.0i0.5 
55.8t0.3 10. oto. 2 

Naphthalene/Benzothiophene Naphthalene Benzothiophene 
X HYD X HYD X HDS 

~~ 

3 50.1 48.2 100.0 
9 54.8t0.5 53.9t0.1 100.OtO.O 

Naphthalenelo-Cresol Naphthalene o-Cresol 
X HYD X HYD X HDO 

_ _ _ ~  
3 48.8t3.9 69.3i2.3 97.1t2.9 
9 52.4t3.2 63.7t2.5 89.7t2.9 

Naphthalene/Indole Naphthalene Indole 
X HYD X HYD X HDN 

_ _ _ ~  
3 9.lt0.1 41.9t0.1 37.1t0.3 
9 15.7t0.3 55.3t0.6 58.0t3.6 

a Combined reactions of 2 wtl naphthalene and 1 wtX of other compounds were 
performed with VOAcAc. 
The sulfur amount was expressed as multiple times the sulfur required to 
form V,S,. 
In calculating X HYD, the most hydrogenated liquid products used were 
decalin for naphthalene and cyclohexane for the other reactants. 
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INTRODUCTION 

Co-processing is the simultaneous reaction of coal and pemleum resids to produce distillable 
liquids. It can be viewed as a new approach to direct liquefaction where the pemleum resid takes the 
role of the traditional liquefaction solvent [ 11. The co-processing system is somewhat more complex 
from a chemical standpoint because of the predominantly aromatic character of the coal and mainly 
aliphatic nature of the pemleum products. The variety of hydrocarbons present in such a system 
determine the chemical reactions. One of the major undesirable reaction products is coke (or semi- 
coke) which causes problems in the co-processing technology.The formation of coke diverts carbon 
into unwanted by-products, reducing yields of the more desired products, and can upset heat and mass 
transfer processes in the reactor. 

The intention of this study is to examine the chemical interactions and process condnions that 
contribute to retrogressive reactions during co-processing. We studied only thermal reactions (that is, 
reactions without added catalyst) since the aim is to focus on the retrogressive reaction chemistry that 
takes place between the different organic components of the system, and not to optimize the system for 
maximum liquids yields. The main objectives of this project are : 1) to determine the groups of 
chemical components originating from the coal and the petroleum that are responsible for initiating 
coke formation; 2) to idenafy the optimum reaction conditions that decrease the amount of insoluble 
coke; and 3) to rank pairs of coaVpemleum feedstock that minimize the amount of coke formed during 
co-processing reactions. 

EXPERIMENTAL 

Five coal samples from the Penn State Coal Sample Bank were used in this project, ranging in 
rank from subbituminous B through high volatile A bituminous. Data on the elemental composition on 
these coals is given in Table 1. The selected coal samples were first reacted with five model 
compounds representative of pemleum resids: eicosane, I-phenyldodecane, 1,4diisopropylbenzene, 
durene, and pyrene. The model compounds were obtained from Aldrich and were used as received. 
These model compounds were chosen on basis of their aromaticity and WC ratios, to provide a set of 
compounds having a reasonably wide range of both properties. Real co-processing reactions were 
conducted with three vacuum feed resids. Analyses of the pemleum feedstock are presented in Table 
2. Two of the petroleum feedstock were obtained from Ammo Co. (West Texas FHC-470 and Blend 
FHC-571) and one from Unocal (Hondo). 

(microautoclave) reactor. Each reaction was conducted with 2.5g of coal and 5g of model compound 
or resid. The coal was dried to a 1% moisture under vacuum and was stored under a nitrogen blanket. 
The starting pressure (cold) was 3.5MPa (500 psi) of nitrogen or hydrogen. The reaction temperatures 
were 350" C, 400' C, 450" C and the time was fixed at 30 min. 

separated to THF-solubles and THFinsolubles. The Soxhlet thimble containing the insoluble matter 
was then extracted under a nitrogen atmosphere for 24 h. Excess THF was removed by rotary 
evaporation and the solid residue was dried under vacuum for 12 h before weighting. The degree of 

AU of the reactions were conducted in a u)ml stainless steel vertical tublng bomb 

The contents of the reactor were Msed with tetrahydrofuran ("'HF) and the products were 
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retrogressive reactions occuring was defmed by the yield of tetrahydrofuran insolubles which was 
calculated on a percent basis dividing the weight of the TJ-IF-insolubles by the weight of the coal (daf). 

In order to assess the influence and conhibution of the model compounds to the formation of 
solid residue during these reactions, blank runs of the model compounds (in the absence of coal) were 
performed. Similarly coal was reacted alone under the same reaction conditions in,order to obtain the 
information on the products resulting directly from the coal itself and baseline data for thermal stability 
of the resids was obtained. 

Solid state 13 C NMR and Fourier uansform (DRIFT) spectroscopy was performed on the 
unreacted coal. These specm were used as a baseline to be later compand with the specaa obtained 
on the THF-insoluble residue in order to examine the shuctural changes occuring during the reactions. 
Some of the solid products were analyzed by elemental analysis in order to determine the WC ratios 
which in a very crude way can give indications about the aromaticity. 

RESULTS A N D  DISCUSSION 

Some results from the reactions of the five coals with the five model compounds under 
nitrogen and hydrogen are presented in Table 3. The most obvious observation is that the yield of 
THF-insolubles is the lowest in the reactions with pyrene. Also the values obtained forreactions with 
coal/eicosane and coaV1-phenyldodecane are very close to each other, as well as are the ones for coal 
in reaction with 1.4-diisopropylbenzene and dunne. This was also verified when the WC atomic 
ntios of the solid residue were plotted as a function of reaction temperature. Figure 1 shows that coal 
reacts with eicosane and I-phenyldodecane in a similar fashion and that coal also reacts similarly in the 
presence of 1.4-diisopmpylbenzene and durene. %ne reacts in a way notably different than the 
other four model compounds. 

eicosane will lead u) the production of I o  radicals by C-C bond cleavage, as for example: 
Eicosane and I-phenyldodecane have in common the long paraffin chain. Thermal cracking of 

R-CH2-CH2-R - 2 R - C H 2  ' 

A similar reaction path for alkylated benzene compounds (1-phenyldodecane) is supported by a 
collateral study in our laboratory [2] where it was shown that n-butylbenzene decomposes to: 

+ @XCH2 cH3 

4 C H 2  CH2 C& 

In other words, the alkylated benzene compound tends to crack at every possible position along the 
chain. This process also gives rise to primary radicals via: 
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Therefore, I-phenyldodecane will form similar radicals to eicosane because most probably the 
cracking of bonds will take place along the dodecyl chain. 

like the one shown below: 
On the other hand, cracking of durene and 1,4-diisopropylbenzene will lead to benzyl radicals 

Pyrene, being a polyaromatic hydrocarbon, is very stable and does not easily form radicals by 
thermal cracking. In the literature pyrene has been described as a good "hydrogen shuttler" [3]. While 
transferring the hydrogen the pyrene most likely uansforms to a hydroaromatic smcture. Therefore, 
the similar chemisay of eicosane and 1-phenyldodecane arise from the fact that both crack to 1' 
radicals, and the similar behavior of durene and 1,4-diisopropylbenzene arises from the formation of 
the benzylic radicals from the two compounds. Pyrene would do neither. The expected thermal 
behavior of the 1' radical-forming compounds, benzylic radical-forming compounds, and pyrene is 
reflected both in the relative yields of THF-insolubles from a given coal and the variation of H/C ratio 
(Figure 1) as a function of temperature. 

Conditions of these experiments, namely 3.5h4Pa overpressure, the differences in degree of coal 
conversion calculated on basis of THF-insoluble are not significant. Comparisons of coal conversions 
under a nitrogen and hydrogen atmosphere at a given temperature are shown in Figure 3. Although it 
might be expected that the conversions would increase io the presence of hydrogen gas under the given 
reaction conditions the effect of the chemical nature of the coal and model compound (or peaoleum 
resid) ovemde the effects of the gas atmosphere. Furthermore, it should be recalled that these 
reactions are conducted without a hydrogenation catalyst being present. 

Three temperatures of reaction were used in these experiments; 350°, 4W0, and 450' C. 
Overall, the lowest yield of insoluble matter was recorded at 400" C. The lowest temperature is 
probably not enough for significant radical generation by tiagmentation to take place while at 450' 
extensive cracking of the model compounds (and resids) takes place. In cases of severe cracking 
reactions it was not possible to maintain a good material balance. The effect of the reaction temperature 
is dependent on the rank of coal. For the two lower rank coals used, subbituminous B (PSOC 1488) 
and hvC bituminous (PSOC 1498) the coal conversion increases with increasing temperature of 
reaction. The three remaining project coals (hvB and hvA bituminous) achieve their highest 
conversion to THF-solubles at 400° C. Alternatively. it can be said that retrogressive reactions are at a 
minimum at 400' C. These optimum temperatures seem to coincide with the maximum fluidity 
temperatures of the coals. The three higher rank coals have temperatures of maximum fluidity above 
' 400' C while the two lower rank coals do not pass through a fluid phase (with FSI's of 0 and 0.5). 
The temperature dependance of the coal conversion for the five project coals is shown on Figure 2. 

The reactions were performed under a nitrogen and hydrogen atmosphere. Under the given 
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Thermal stability tests on the peaoleurn resids (that is in the absence of coal) showed that 
considerable insoluble matter was formed only at the highest reaction temperature of 450' C. For West 
Texas FHC-470 the maximum insoluble is 17% of the total weight, for Blend FHC-571 the maximum 
is 3.73%. and for Hondo resid 5.77%. 

compound reactions. The yield of THF-insolubles was the lowest at 400' C. This agrees with the 
results reported by Moschopedis et al. [4]. When the temperature is increased to 450' C a drastic 
increase in solid residue is observed. This is attributed to extensive cracking taking place at higher 
reaction temperatures, with the high population of radicals thus increasing opportunities for 
retrogressive reactions. This observation is consistent with the results from the reactions with some of 
the model compounds, namely the ones containing the long side chains. When the coal conversion for 
the reactions with the model compounds and with the petroleum resids are compared (Figure 4). it  is 
found that conversion in the presence of the resids is comparable to that achieved in the presence of 
pyrene. For reaction temperatures less than 450° C. the petroleum resids are as good a solvent for coal 
particles as pyrene. At higher reaction temperatures the interactions between the coal particles and 
petroleum resids seem to favour retrogressive reactions and the formation of insoluble matter. 

CONCLUSIONS 

The coaVmodel compound reactions showed that the reactivity of the vehicle is based on radical 
generation: eicosane-like, durene-like. and pyrene-like. The yield of THF-insolubles, therefore the 
degree of retrogressive reactions, is the lowest in the presence of pyrene. Coal/resid co-processing 
reactions at 400OC give coal conversions comparable to those in the presence of pyrene. The optimum 
temperature for minimizing retrogressive reactions in co-processing reactions is around 400' C. In 
addition, the maximum fluidity temperature of the coal defines the optimum temperature for coal 
conversion under co-processing reaction conditions. 
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I I 

Table 2. Analyses of Petroleum Feedstock. 
Hondo, . exas Blend 

%:-470 FHC-57 1 
Oils fwt.%) 43.9 39.4 21.4 
Resins ’ 40.2 59.1 62.8 
Asphaltenes 15.9 0.5 14.8 
%C 83.40 86.39 83.91 
%H 11.80 11.23 10.26 

Table 3. Yields of THF-insolubles for PSOC 1488 with model compounds at three different 
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Figure 3: Conversion for PSOC 1501 at 40O0 C under N2 and H2. 
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RETROGRESSIVE ARYL-ALKYL BONO FORMING REACTIONS 
FACILITATED BY REACTIONS OF SULFUR-CENTERED FREE RADICALS 
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INTRODUCTION 

It i s  w e l l  known t h a t  a d d i t i v e s  such as elemental s u l f u r ,  p y r i t i c  minerals and 
t h i o l s  p l a y  a s i g n i f i c a n t  r o l e  i n  s t r u c t u r a l  reorgan iza t ion  dur ing  the thermal 
degradat ion o f  Studies have shown t h a t  the r a t e s  f o r  hydrogen atom 
t rans fer  r e a c t i o n s  between benzy l i c  p o s i t i o n s  o f  model compounds and coals are 
increased s i g n i f i c a n t l y  w i t h  higher s u l f u r  Displacement react ions 
o f  aromatic s u b s t i t u e n t s  by t h i y l  r a d i c a l s  and a b s t r a c t i o n  reac t ions  by 
su l fu r -centered  r a d i c a l s  have long been r e ~ o g n i z e d , ~ - ~ '  and are thought t o  be 
important i n  coal  l i q u e f a c t i o n .  However, t h e  mechanist ic aspects o f  C-C and 
C - S  bond fo rmat ion  and the rearrangement o f  organic s t r u c t u r e  i n  coal  
f a c i l i t a t e d  by t h i y l  r a d i c a l s  i s  l e s s  w e l l  understood. 

enhancement o f  t h e  cleavage o f  strong C - C  bonds and i n  t h e  format ion o f  i n e r t  
thiophene s t r u c t u r e s  (eq. 1) .11*12 
the  presence o f  PhSSPh are shown i n  eq. 1. 

PhCH2CH2Ph 

Recent ly,  we have demonstrated the importance o f  t h i y l  r a d i c a l s  i n  the 

Products from the p y r o l y s i s  o f  bibenzyl i n  
Oiphenylmethane i s  formed i n  

PhSSPh 
- - - - ->  PhCH3 t Ph2CH2 t 2,3-diphenylbenzothiophene 

+ other products ( 1 )  

a sequence o f  r e a c t i o n s  i n v o l v i n g  t h e  key s tep  o f  phenyl migra t ion  from s u l f u r  
t o  the carbon-centered r a d i c a l  (eq. Z)13. Thus, a t  coal  

k2 
PhCH(.)SPh - - - - >  Ph2CHS. - - - - >  - - - - >  Ph2CH2 (2)  
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liquefaction temperatures (450°C), reaction (2) proceeds very rapidly and the 
rate constant of the phenyl migration ( k p )  approaches 1.5 x lo4 s-'.13 

In this paper, we present preliminary results of high-temperature reactions of 
elemental sulfur with diphenylmethane and triphenylmethane. These results 
demonstrate the complete reversibil ity of reaction (2) and provide direct 
evidence of thiyl radical participation in the cleavage of strong carbon- 
carbon bonds through a series of abstraction and migration reactions. 

RESULTS AND DISCUSSION 

Pyrolysis of diphenylmethane in the presence o f  excess elemental sulfur 
at 380 f 3 "C gave toluene, thiophenol and triphenylmethane as the major 
products along with lesser amounts o f  PhCH2SPh, PhSPh, PhSSPh and higher 
molecular weight products (Table I). The near unity ratio of toluene to 
thiophenol demonstrates the elementary free radical reactions in eqs.  3-10. 

S8 - - - -> .SS6S. - - - - >  ss. 

> .SS6S. sa - - - - -  

A 

Ph2CH2 t .SS6S. - - - - >  Ph2CH(.) t 

A 

B 
- A t S8 - - - - >  - - - - >  Ph2CHS( * ) 

OH (hydrogen donor) 
B - - - - >  PhCH(*)SPh - - - - -  > PhCH2SPh 

A c 
C - - - ->  PhCH2(.) t PhS(*) 

D E 
D t  OH - - - - >  PhCH3 
k t  OH - - - - >  PhSH 

( 3 )  

(4) 
(5) 

Triphenylmethane is formed via the termination reaction of diphenylmethyl and 
thiophenoxyl radicals followed by hydrogen atom abstraction and phenyl 
migration reactions (eqs. 11-13). The formation of 
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PhzCH(*) + PhS(.) - - - - >  PhZCHSPh 
f 

t RS(*) - - - - >  PhzC(.)SPh 
G 

- G - - - - >  ph3CS(.) - - - - >  - - - -  > - - - - >  Ph3CH 

The minor products show the origin of termination, displacement, abstraction, 
and oxidation reactions." 

As noted i n  Table I (compare entries 4 and Z ) ,  triphenylmethane was more 
abundant at low sulfur concentration. Rapid phenyl migration in eq. 13 and 
the low concentration of thiol donors provide an explanation for the observed 
result . 

Table I1  gives the product distributions of the pyrolysis reaction of 
triphenylmethane with elemental sulfur at 38OOC 3. The formation of 
thiophenol and diphenylmethane i s  a consequence of phenyl migration from 
carbon to a sulfur-centered radical, eqs. 14-19. The production 

Ph3CH + .SS6S. - - - - >  Ph3C(.) + * 

H 
H + Sg - - - - >  - - - - >  Ph3CS(.) 

I 
I - - - ->  Ph.$(.)SPh 

J 
J - - - - >  - - - - >  PhzCH(*) + PhS(.) 

DH 
PhzCH(*) - - - - -  > PhzCHz 

DH 
PhS(.) - - - - -  > PhSH 

SS6SH 

of toluene and diphenyldisulfide is the result of further reactions of 
diphenylmethane with sulfur and the termination of  thiophenoxyl radical 
respectively. 
the presence of low concentration of sulfur (Table 11, entry 4). 

A similar interpretation explains the high yield of PhzCHz in 
Rapid phenyl 
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I 

migra t ion ,  eq. 16, followed by a b s t r a c t i o n  and f u r t h e r  reduc t ion  produced t h e  
des i red  product. 

SUHMRY 
These observat ions show t h a t  the  cleavage o f  s t rong a lky l -a romat ic  

carbon-carbon bonds can become completely r e v e r s i b l e  under the  inf luence of 
t h i y l  rad ica ls ,  via a r a p i d  sequence o f  1,2-phenyl migra t ion ,  o r  n e o p h y l - l i k e  
rearrangements o f  t h i y l  

EXPERIMENTAL 

General. Diphenylmethane, triphenylmethane, and s u l f u r  were purchased from 
the A l d r i c h  Chemical Co. and used as received. Products were i d e n t i f i e d  by 
gas chromatography by c o i n j e c t i o n  w i t h  au thent ic  samples. 
was c a r r i e d  out using a Hewlett-Packard Model 5890A equipped w i t h  an on- 
column i n j e c t o r  and f lame- ion iza t ion  de tec t ion .  
25-m, 0.32 mm i .d.  J&W S c i e n t i f i c  08-5 c a p i l l a r y  column. 

Gas chromatography 

Analyses were performed on a 

General orocedure f o r  Thermolvsis Reactions. To a 0.01-0.059 o f  
diphenylmethane o r  triphenylmethane was added an appropr iate amount o f  s u l f u r .  
The mix tu re  was mixed, freeze-thaw degassed i n  l i q u i d  n i t rogen,  and sealed 
under h igh  vacuum. 
380'C 3 f o r  i n t e r v a l s  o f  5 and 20 minutes, cooled immediately i n  tap water, 
open under n i t rogen,  and t r a n s f e r r e d  t o  a degassed s o l u t i o n  o f  CH2C12 
con ta in ing  naphthalene as an i n t e r n a l  G.C. standard. 

The tubes were introduced t o  a f l u i d i z e d  sand bath a t  
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Table I 

E f f e c t  o f  S u l f u r  on Product D i s t r i b u t i o n s  from Diphenylmethane 
Thermolysis a t  380 3 o C . a * b * c  

- _______________________________________- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Time PhCH3e PhSHe Ph3CHe 

m i  n x 10 x 10 x 10 
0.55 5 0.86 0.68 1.32 
0.55 20 1.42 1.40 1.80 
0.22 20 0.82 1.10 0.80 

1 -31 1 -31 1 -41 
[Ph2CH,l/[sld 

10. of  20 1.60 1.75 8.9 

a) 
amounts o f  PhCH3, PhCH2CH2Ph, Ph3CH and tetraphenylethane under the  r e a c t i o n  
condi t ions.  b) % Conversion o f  Ph2CH2 = 10-20%. c) PhCH2SPh, PhSSPh, PhSPh 
and h igher  molecular weight mater ia ls  were a lso  produced i n  small amounts. d)  
Ratio o f  diphenylmethane t o  s u l f u r .  e)  I n  mmoles. f )  PhCH2CH2Ph and St i lbene 
were a lso  produced. 

I n  the c o n t r o l  experiment, the  absence o f  s u l f u r ,  Ph2CH2 produced t r a c e  

Table I 1  
E f f e c t  o f  S u l f u r  on Product D i s t r i b u t i o n s  from Triphenylmethane 

Thermolysis a t  380 2 3 ' C . a , b * c  

PhSHe Ph2CH2e PhSSPhe PhCHi=? x 10 x 10 
[Ph3CH]/[SId Time 

J - 1 1 -32 1 -3) -31 min x 10 
0.55 5 0.30 1.0 3.63 0.45 
0.55 20 9.7 3.38 6.55 1.2 
0.22 20 7.15 2.20 4.03 0.20 

10.0 20 3.0 3.20 11.7 1.75 

a) 
detectable products. b )  % conversion o f  Ph3CH = 10-20%. c )  Higher 
molecular weight mater ia ls  were a l s o  produced. d) Rat io  o f  triphenylmethane t o  
s u l f u r .  e )  I n  mmoles. 

I n  a c o n t r o l  experiment i n  t h e  absence o f  s u l f u r ,  Ph3CH produced no 
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INTRODUCTION 

Over the past few years a number of processes have been developed for the direct liquefaction of coal. 
Typically, these processes involve thermal degradation of the macromolecular structure of coal, and 
are followed by hydrogenation to stabilize the degraded material and to increase the hydrogen-to- 
carbon ratio of the distillable products. In conventional coal liquefaction, a hydrogenated coal derived 
solvent is used as a vehicle for the transfer of hydrogen to the coal components. Copmessing of coal 
with petroleum resid is an alternative technology in which the petroleum resid replaces the donor sol- 
vent. Coprocessing of petroleum resid with coal is a bridge between coal liquefaction and hydro- 
cracking that simultaneously upgrades coal and resid. Consequently, coprocessing may offer some 
special advantages. 

It has been observed that a better understanding of the chemistry of coprocessing might yield 
improvements in the technology (1). Therefore, coprocessing has received recent attention and new 
effort has been directed to elucidate the reaction pathways (2-6). The coprocessing of Illinois No. 6 
and Wyodak coals with Lloydminster and Hondo resid has been thoroughly investigated (7.8). and 
other studies have discussed the hydrogen atom exchange, hydrogen atom transfer, and carbon- 
carbon bond cleavage reactions that may occur during coprocessing (9-14). 

It seemed appropriate to establish more securely the relationship between the basic work and the 
reaction pathways that are involved in coprocessing. Accordingly, we have studied the coprocessing 
reactions of Illinois No. 6 coal with Lloydminster resid under the same reaction conditions that were 
used to investigate the influence of these fossil materials on hydrogen atom transfer and carbon- 
carbon cleavage reactions. 

EXPERIMENTAL 

Materials and -. The coals, resids, and the reference catalyst were supplied by John G 
Gatsis of the Allied Research Center. 

Illinois No. 6 coal was prepared by the Kentucky Center for Energy Research (KCER) and used as 
received (Anal. %C, 68.60; %H, 4.51; %N, 1.39; %S, 3.04; %O. 9.65; %H2O, 3.15; %Ash, 9.65). 
Wyodak Coal was obtained from the Pennsylvania State University program and was prepared by 
KCER, and was dried prior to use (Anal. %C, 63.01; %H, 4.50; %N, 0.90; %S, 1.08 %0, 16.73; 
%HzO, 1.78; %Ash, 12.00). Lloydminster Resid (Anal. %C, 83.6; %H, 11.5; %S, 4.77) and 
Hondo Resid (Anal. %C, 82.3; %H, 10.3; % S ,  6.08; %N, 1.24) were obtained by UOP Research 
Center and used as is. The catalyst was a UOP proprietary material. The other chemicals were avail- 
able commercially and they were purified as necessary. 

The reactions were canied out in a SBL-2 fluidized sand bath equipped with Techne TC-ID tempera- 
ture control unit. Three types of reactors were used. The glass capillary reactors were 2.4 inm (i.d.) 
X 20 cm, the glass tubular reactors were 5 nun (id.) x 20 cm, and the stainless steel (SS) reactors had 
an internal volume of 4.5 ml. 
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Nuclear magnetic resonance spectroscopy for 'H was performed with the University of Chicago 500 
MHz system and 2H analysis was performed with a Varian XL-400 system. Infrared spectra were 
recorded with a Nicolet 20 SX specuometer. 

Procedura. The procedures for coprocessing were closely parallel to the procedures that were used 
in the previous study (11). The total quantity of material in the reactors were approximately 75 mg for 
the glass capillary, 500 mg for the glass tubular reactors, and 1.2 g for the stainless steel reactors. A 
mixture of the fossil fuel material, in which the resid and coal were combined in a 2:l ratio (maf 
basis), was placed into the reactor, and it was carefully sealed under an atmospheric pressure of argon 
or pressurized with argon or dideuterium. The starting cold argon or dideuterium gas pressure in the 
stainless steel reactors was approximately 500 psig. The reaction vessels were then immersed into the 
sand bath which had been preheated at 400 "C. The reactor was vigorously shaken during the reac- 
tion. At an appropriate time, the reactor was removed from the sand bath and cooled immediately by 
immersing it in water. The glass reactors were cut and the stainless steel reactors were carefully 
vented to the atmosphere and then opened. The reactor contents were extracted into tetrahydrofuran, 
filtered, and the residue was Soxhlet extracted with teuahydrofuran. The soluble product was frac- 
tionated into asphaltenes (n-heptane insoluble), resins (n-hepane soluble, n-pentane insoluble), and 
oils (n-pentane soluble) by successive extractions with n-heptane and n-pentane, according to the pro- 
cedure suggested by Speight and co-workers (15). 

t 

RESULTS AND DISCUSSION 

Illinois No. 6 coal was coprocessed with Lloydminster resid. The earlier coprocessing work with 
these materials was carried out at 420 OC in 2 hrs with a high pressure of dihydrogen, 3000 psi (73 ) .  
Under these conditions, Gatsis and his co-workers achieved very high conversions of the coals into 
tetrahydrofuran soluble products. We elected to examine the same fossil materials under much milder 
conditions so that the conversion of the coal would be less complete, and the influences of selected 
reaction parameters on the product yield and dismbution could be investigated. Accordingly, the 
reaction temperature was decreased to 400 'C, and the reaction time was decreased to 1 hr. 
Dideuterium was used in some experiments, but at 500 psi. The results are summarized in Table 1. 

Coal conversion was the principal parameter that we used to evaluate the results. The conversion val- 
ues were calculated on the basis of the transformation of the insoluble coal into tetrahydrofuran solu- 
ble materials. As expected, the conversions that are presented in Table I are considerably less than the 
conversions that were reponed by Gatsis and co-workers (723). 

The reaction time is an important variable. An increase in the reaction time for the coprocessing of 
Illinois No. 6 coal and Lloydminster resid from 60 to 90 min in an inert atmosphere increased the 
conversion from 44 to 54%. Similarly, an increase in the reaction time for the coprocessing of the 
same substances from 15 to 60 min in a dideuterium atmosphere increased the conversion from 28 to 
52%. These findings are in accord with the results and conclusions of Gatsis and his co-workers 
who also pointed out that the incremental increase diminished after the first 60 min (73). The obser- 
vations for Illinois No. 6 coal and Lloydminster resid indicate that the use of dideuterium increases the 
conversion from 44 to 52%. the use of a catalyst increases the conversion from 44 to 50% and the 
incorporation of both a catalyst and dideuterium increases the conversion to 53%. The oil yields are 
not impacted in the same way. The addition of the catalyst in the absence of dideuterium actually 
reduces the oil yield from 27 to 22%. Indeed, the highest oil yield was observed when the reaction 
was c a n i d  out with dideuterium but in the absence of the catalyst. 

Additional experiments were canied out with Wyodak coal and Hondo resid. It was found that 
coprocessing of these fossil fuels without the catalyst at 400 OC for 1 hr produced the following 
reactivity patterns. 

For Coal Conversion and Oil Yield 

wyodak Wyodak > Illinois No. 6 , Illinois No. 6 
. Lloydminster > Hondo Lloydminster Hondo 
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. The order of reactivity for copmesskg without a catalyst is exactly inverse to the order of reactivity 
of the same pairs of fossil materials in the exchange of hydrogen atoms with tetralin-dlz under the 
same experimental conditions (1 1). 

For Exchange of Hydrogen with Tetralin-412 at 400 O C  

Wyodak < Illinois No. 6 < Illinois No. 6 < Hondo Lloydminster Hondo 

The order of reactivity in the molybdenum-promoted coprocessing reaction is also essentially inverse 
to the reactivity pattern for exchange with tetralin-&z. 

Previous work with 1,3-diphenylpropane suggested that Illinois No. 6 coal was the most effective 
initiator as well as the most effective hydrogen atom donor among the four fossil materials and that 
Lloydminster resid was the least effective initiator as well as the least effective hydrogen atom donor. 
Although it is difficult to provide a comprehensive interpretation of the observations for the complex 
coprocessing system, it is relevant to consider the chemistry of the thermolytic reactions of the coals 
and resids. Success in coprocessing depends upon facile initiation reactions and the occurrence of 
uninterrupted chain propagation sequences that redistribute hydrogen atoms, fragment the large coal 
and resid molecules, and enhance the solubility through adduction. Parallel heteroatom removal 
reactions are also essential. 

Free radical decomposition reactions of the coal macromolecule must proceed in order to initiate the 
free radical propagation reactions that are necessary to convert it and the resid into lower molecular 
weight fragments and eventually into n-pentane soluble products. The resids that we have examined 
are much less effective initiators than the coals. They are also less effective hydrogen atom donors 
than the coals. Indeed, the observations for the coprocessing of the resid with Illinois No. 6 coal, 
which is simultaneously the best initiator and best hydrogen donor, suggest that its donor properties 
interfere with its successful coprocessing because hydrogen donation terminates the essential chain 
reactions and simultaneously increases the aromatic character of the coal macromolecules. The obser- 
vations also suggest that blends of coals and resids may offer opportunities for enhanced conversion. 

Dihydrogen addition clearly plays a major role in the liquefaction of coals (15.16). Evidence concern- 
ing the utilization of dihydrogen in coprocessing is more limited, but Curtis and Cassel have reported 
that the addition of hydrogen atom donors to the reaction system decreases the dihydrogen gas con- 
sumption (5). Their observations also imply that the hydrogen donor capacity of the collection of the 
fossil materials in the liquid phase can interfere with the desirable addition of dihydrogen to the ini- 
tially highly aromatic coal molecules. We examined selected spectroscopic properties of the reaction 
products to gain further perspective on the course of the reaction. Representative nuclear magnetic 
resonance spectra are shown in Figure 1. Dideuterium was used to probe the role of dihydrogen in 
the reaction. Although the influence of the gas on the conversion and oil yields was modest, the 
spectroscopic information clearly establish that deuterium atoms were incorporated into the products. 
Weak absorptions near 2100 cm-1 were observed in the infrared spectra of most products. Our pre- 
liminary results su gest that more deuterium is incorporated in the oil than in the other fractions, and 

structural elements with resonances between 1 and 2 ppm. Lesser amounts of deuterium appear in 
benzylic and aromatic positions. We estimate that 0.1 to 0.2 mmol of dideuterium is incorporated per 
gram of the reactants in these reactions at 400 "C and 500 psi dideuterium. These results prompted 
further study of the distribution of dideuterium among the reactions products. The work is discussed 
in the next paper. 

the representative I H N M R  spectra indicate that the deuterium is abundantly incorporated into aliphatic 

CONCLUSION 

The experimental results strongly suggest that hydrogen transfer processes occur very rapidly among 
all the constituents, and that dideuterium is added to the reaction products in the presence and absence 
of the molybdenum catalyst. The reactivity pattern for the four fossil materials suggest that the 
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hydrogen atom uansfer reactions have a significant influence on the c o u k  of the reaction. In panicu- 
lar, the hydrogen donor properties of Illinois No. 6 coal appear to interfere with its conversion. 

Acknowledgement. We are indebted to the Office of Fossil Energy of the U. S. Department of 
Energy for their support of this investigation and IO John Gatsis for his very able assistance in the 
preparation and characterization of the fossil fuels. 
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Table I. Copmessing Reactions of Fossil Fuels8 
. .  wnv oluble omduct co ~ D O S I I I O ~  

Enrry Coal and Resid Reauor Gas Cat.%b wt% 'asph resin oil 

1 Illinois No. 6 + Lloydminster tubular Ar - 44.2 28.7 9.7 61.6 
2 IUinoisNo.6+Lloydminster tubular Ar - 53.9 21.7 11.2 67.1c 
3 IllinoisNo. 6+Lloydminstcr SS DZ - 27.8 27.6 12.1 60.1d 
4 IUinoisNo.6+Lloydminster SS @ - 51.5 33.5 3.3 63.2 
5 IUinoisNo. 6+Lloydminster SS Ar 1% 50.0 50.0 7.0 43.1 
6 IllinoisNo. 6+Lloydminster SS 9 1% 53.0 33.1 7.1 59.1 

aThe reactions were carried out at 400 "C for 1 hr. The coal conversion is based upon the quantity of insoluble 
residue. bThe wl% catalyst concentration was calculated from 100 (molybdenum/coal (maf)). cThis reaction 
was carried out for 90 min. dThis reaction was carried out for 15 min. T h e  yield of n-hcptanc solublc 
material is reported. 

7 IUinoisNo. 6+Lloydminster capilla~~ Ar - 40.8 22.0 - 78.0' 
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Figure 1. 

B 

I 

7 6 5 4 3  2 1 0  

Chemical shift, ppm 

A. The IH NMR spectrum of the oil fraction of Lloydminster resid. 
B. The 'H NMR spectrum of the oil produced in experiment 4. 
C. The 2H NMR spechum of the asphatene produced in experiment 4. 
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DETERMINATION OF DIDEUTERIUM UPTAKE IN 
COAL PETROLEUM RESID COPROCESSING 

Michael D. Ettinger and Leon M. Stock 
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John G. Gatsis, UOP Research Center, Des Plaines, Illinois 60017 
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INTRODUCTION 

Coal petroleum resid coprocessing is a novel application of direct coal liquefaction which has potential 
for practical applications. Several lines of argument suggest that a better understanding of the chem- 
istry of the coprocessing reaction would lead to improvements in coprocessing technology. In order 
to gain insight into this problem, batch autoclave studies were carried out by using Illinois No. 6 coal 
with Lloydminster resid under a dideuterium,atmosphere to study the deuterium incorporation in the 
products. Quantitative deuterium nuclear magnetic resonance methods were used to analyze the liquid 
products, and gas chromatography-mass spectrometry was used to analyze the gas products. 

EXPERIMENTAL 

Materials. The materials used were the same as those described in the accompanying article. 

Courocessine Reaction Procedure. Weighed amounts of Lloydminster resid and Illinois No. 6 in a 
two-to-one ratio (resid/MAF coal) and the catalyst (.02% wt) were added to an 1800 cc rocking auto- 
clave. The autoclave was sealed and pressurized first with hydrogen sulfide and then with dihydro- 
gen or dideuterium to give a 10 vol% hydrogen sulfide and 90 vol% dideuterium blend at 1470 psi. 
The autoclave was heated to 420 "C for a residence time of 2 hrs. At the reaction conditions, dideu- 
terium was added automatically so that the desired reaction pressure (3000 psi at temperature) was 
maintained. After the desired time-at-temperature, the autoclave was cooled to room temperature, and 
then depressurized with the gas passing through a foam trap, caustic scrubbers, metering system, and 
then a sample was collected for analysis. To remove additional gas from the remaining reaction 
mixture, the material in the autoclave was stripped with dinitrogen. 

This gas was also passed through the foam trap, caustic scrubber, metering system, and analyzed. 
Any slurry product in the foam trap was recovered with toluene and added to the toluene rinse solu- 
tion. The sluny product from the autoclave was poured off. The material remaining in the autoclave 
was removed by rinsing the vessel with toluene until the autoclave was clean. The combined slurry 
product was solvent separated into four fractions according to the flow chart shown in Figure 1. 

Deuterium spectra were obtained on a Varian XL 400 MHz spectrometer. One hundred to 200 scans 
were acquired using a 90' pulse and a 30-sec delay between pulses. Triphenylmethane-dl was used 
as a quantitative internal standard. Proton spectra were obtained similarly on the University of 
Chicago 500 MHz spectrometer by using tetrakis(trimethylsilyl)silane as a quantitative internal 
standard. 

RESULTS 

The autoclave reaction using a combination of Illinois No. 6 coal with Lloydminster resid mixed with 
a molybdenum based UOP proprietary catalyst was carried out at 420 "C for two hours under a 
dideuterium atmosphere at a constant pressure of 3000 psi. The results of the solvent separation of 

8 
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the products are summarized in Table I. The oil, resin, asphaltene, and insoluble yields are based 
upon the starting amount of MAF coal and resid. As can be seen from Table I, approximately 23% of 
the starting material is unaccounted for. This portion represents the gas yield and the loss of a small 
amount of light material in the work-up procedure. The asphaltene conversion is calculated as the 
amount of asphaltene and unconverted coal (insolubles) in the autoclave product divided by the 
amount of starting MAF coal and asphaltene fraction of the starting resid. An asphaltene yield of 74% 
was obtained with Illinois, No. 6 coal and Lloydminster resid. Coal conversion is calculated as the 
amount of starting MAF coal minus unconverted MAF coal (insolubles) divided by the starting 
amount of MAF coal. A coal conversion of 93% is obtained with Lloydminster resid and Illinois No. 
6 coal. The elemental analysis of the oil. resin, asphaltene, and insoluble fractions are shown in Table 
I1 along with the fractional analyses of the starting resid. In all of the product fractions, the sulfur 
content significantly decreased even though hydrogen sulfide gas was present. 

The deuterium incorporation into the different molecular fragments defines the paths of hydrogen 
transfer. In this first analysis of the results, the assignments are made according to the following 
chemical shift ranges. Deuterium resonances in the range of 6.3-10 ppm are assigned to aromatic 
deuterium atoms, while those found in the range of 4.2-0 ppm are assigned to aliphatic types. A fur- 
ther breakdown of the resonances in the ranges 4.2-2.0 ppm, 2.0-1.0 ppm, and 1.0-0 ppm was made 
by assigning resonances in those ranges to deuterium atoms alpha to aromatic rings, deuterium atoms 
beta to aromatic rings and in methylene and methine positions not alpha to aromatic rings, and deuter- 
ium atoms in methyl groups gamma or further from aromatic rings, respectively. Proton N M R  char- 
acterization was also carried out to complement the results for deuterium. The proton NMR experi- 
ments use tetrakis(trimethy1silyI)silane as an internal standard. The N M R  data from the coprocessing 
reaction products of Illinois No. 6 coal with Lloydminster resid are shown in Tables I11 and 1V. In 
addition to the actual amount of deuterium incorporated into the products, Table 111 also shows the 
hydrogen content in each of the products. Thus, the percent deuteration of the aromatic and aliphatic 
regions was determined. 

A relatively large amount of deuterium, 24.1 mmol g-1, was incorporated into the aliphatic component 
of the oil. While the absolute amounts of deuterium uptake at the different structural positions vary 
from 2.9 mmol g-1 to 24.1 mmol g-1, the relative percentages of deuteration are high and not quite so 
varied indicating that significant exchange had taken place at all positions. These percentages are 
close to the initial deuterium to total hydrogen ratio of (H/H+D) = 0.25 at the start of the reaction. 
Some selectivity of the catalyst was observed between the solvent separated fractions with the extent 
of deuteration decreasing in the order asphaltene >resin > oil. In addition, aliphatic positions were 
slightly preferred in the asphaltene and resin fractions while the smallest amount and smallest percent- 
age of deuterium incorporation occurred at the aromatic sites in the oil fraction. 

CONCLUSIONS 

Analysis of the deuterium NMR results clearly shows that the level of deuterium atom incorporation 
was significant at all positions. All components of the system are undergoing hydrogen transfer 
chemistry, and there are plentiful opportunities for fragmentation and adduction reactions. The deu- 
terium contents of the reaction products, @/H+D), are only moderately different than the values 
expected for complete equilibration. The modest differences that do exist are compatible with the 
view that the weaker carbon-hydrogen bonds such as the alpha aliphatic group undergo reaction selec- 
tively even in the presence of the effective catalyst. The high deuterium incorporation at the other sites 
such as the methyl and methylene groups in paraffinic components, when coupled with the fact that 
the catalyst is essential for high conversions, suggests that the modest selectivity that is observed 
arises more from the differences in the way in which the organic molecules bind to the catalyst than to 
inherent differences in their thermal chemistry. 

Achwledgement. We are indebted to the Office of Fossil Energy of the U. S. Department of 
Energy for their support of this investigation. 
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Table I. Solvent Separation of Coprocessed Lloydminster Resid and Illinois No. 6 Coal with 
Dideuterium 

Sample Wt%MAF 
oil 62.32 
Resin 3.91 
Asphaltene 8.50 
Insoluble 2.40 
Coal Conversion 92.78 
Asphaltene Conversion 74.08 

Table II. Analysis of Original Resid Components and Solvent Separated Product 

Starting Material Products 

Wt.% MAF 
Carbon, wt.% 
Hydrogen, wt.% 
Sulfur, wt.% 

Resin fraction 
Wt.% MAF 
Carbon, wt.% 
Hydrogen, wt.% 
Sulfur, wt % 

Bsphaltene fraction 
Wt.% MAF 
Carbon, wt.% 
Hydrogen, wt.% 
Sulfur, wt.%' 

Insoluble fractions 
Wt.% UAF 
Carbon, wt.% 
Hydrogen, wt.% 
Sulfur, wt.% 

73.50 
82.86 
10.82 
4.30 

10.41 
82.68 
8.76 
7.44 

62.32 
84.88 
13.67 
1.24 

3.91 
86.16 
8.66 
1.73 

8.50 
87.70 
7.09 
1.68 

2.40 
24.03 

1.71 
6.51 

Table III. Hydrogen and Deuterium Content of Solvent Separated Coprocessing Products 
~ ~~ ~~~ ~ ~ ~~~~ ~ ~ 

Hydrogen (mmol g-l) Deuterium (mmol g-1) % Deuteration 
Aromatic Aliphatic Aromatic Aliphatic Aromatic Aliphatic 

(6.3-10 ppm) (4.2-.5 ppm) (6.3-10 ppm) (4.2-0 ppm) (6.3-10 ppm) (4.2-0 ppm) 

oil 14.5 86.8 2.9 24.1 16.7 21.7 
Resin 16.7 45.6 5.3 14.6 24.1 24.3 
Asphaltene 14.5 31.7 5.0 11.9 25.6 27.3 
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Table IV. Aliphatic Deuterium Content in Solvent Separated Coprocessing Products 

Solvent Alpha-D Beta-D Gamma-D %Alpha 
separated 2.0-4.2 ppm 1.0-2.0 ppm 0.0-1.0 ppm deuteration 
fraction (mmol g-1) (mmol g-1) (mmol g-1) 

Oil 6.2 15.6 2.3 31.6 
Resin 1.5 6.0 1.1 29.1 
Asphaltene 5.9 4.8 1.2 29.4 
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Figure 1. Solvent Separation of Coprocessing Product 
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A Complete Thermal Processing System for Fuels 
and Polymer Analysis 

J.W. Washall, T.P. Wampler and W.A. Bowe, 
Autoclave Engineers - Oxford/CDS Instruments 7000 Limestone 
Rd, Oxford, PA 19363 

Thermal Characterization of fuel sources is essential in 
geochemical exploration. Determining the maturity of source 
rock and coal beds aids in the processing of these fuel 
sources. Quantitative assessment of the migratory 
hydrocarbons (PI), kerogen (Pz) and fixed gases (P,) provide 
vital information about the fuel generating capability of the 
sample. 

Total thermal processing of samples, both geochemical 
and polymeric, can occur with temperatures up to 1 4 0 0 ° C .  The 
system used in this evaluation makes use of both furnace and 
filament pyrolysis. Samples analyzed included oil shales, 
polymers and composite materials. 

Pyrolysis equipment in general is composed of three 
major components. First and foremost, a filament, wire or 
furnace in which the sample is deposited for pyrolysis. The 
second compocent is a heated chamber which prevents the 
pyrolysate from condensing and not reaching the injection 
port. The final component is a modificatiop or add-on to the 
injection port of the gas chromatograph ;-'. Egsgaard and 
Carlsen describe a low pressure continuous flow inletti 
system for Curie Point pyrolysis into a mass spectrometer . 
In their work they describe three separate inletting systems 
depending on sample matrix: gas, liquid or solid. Many mass 
spectrometers, however, can accommodate direct insertion 
probes for pyrolysis in the source ' f a :  This technique, 
although valuable for many applications, tends to produce 
highly complex spectra because there is no chromatographic 
separation. Cold trapping prior to injecting the pyrolysate 
onto the GC will improve resolution, however, h+ghly 
volatile components may tend to breakthrough and go 
undetected. 

The impetus of his work was to provide an analytical 
system which would provide a full range of thermal processing 
capabilities, including dynamic headspace, furnace pyrolysis 
and filament pyrolysis. Previously, thermal treatment of 
samples involved Curie Point, furnace or filament pyrolysis. 

' Each of these pyrolysis techniques has advantages and 
limitations. 

fg 
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The system i n  t h i s  s t u d y  makes use  of a programmable 
f u r n a c e  p y r o l y z e r  f o r  t empera tu res  up t o  600°C and a f i l amen t  
p y r o l y z e r  c a p a b l e  of r each ing  t empera tu res  up t o  1400'C. A 
major b e n e f i t  of t h i s  s y s t e m  is  t h e  programmable fu rnace  i n  
combinat ion wi th  a ser ies  of adsorbent  t r a p s  which enab le  
f r a c t i o n s  t o  be c o l l e c t e d  p r i o r  t o  chromatographic a n a l y s i s .  

A l l  hea t ed  zones i n  t h e  system a r e  c o n t r o l l e d  v i a  t h e  
systems computer t e rmina l  which can accommodate 20 s e p a r a t e  
methods. As t h e  sample i s  hea ted ,  sample f low p a s s e s  ove r  
t h e  sample and sweeps t h e  v o l a t i l e s  through an  a d j u s t a b l e  
s p l i t  v a l v e .  P a r t  of t h e  sample t h e n  moves t o  a monitor  
f lame i o n i z a t i o n  d e t e c t o r  (F ID) ,  t h e  rest of  t h e  sample i s  
c a r r i e d  t o  an abso rben t  t r a p .  A t  t h a t  p o i n t  a second 
t empera tu re  f r a c t i o n  can  be  c o l l e c t e d  i n  t h e  same manner. A 
mo lecu la r  s i e v e  t r a p  can a l s o  c o l l e c t  any f i x e d  g a s e s  which 
may be evo lved  from t h e  sample.  These gases  are then  
ana lyzed  by a s e l f  con ta ined  packed column GC wi th  a thermal  
c o n d u c t i v i t y  d e t e c t o r .  This  i s  t h e  f i r s t  a n a l y t i c a l  system 
t o  employ f u r n a c e  p y r o l y s i s ,  f i l a m e n t  p y r o l y s i s  and t r a p p i n g  
c a p a b i l i t i e s .  Heat ing r a t e  c a p a b i l i t i e s  range form 0 .0lcC/ 
minute  t o  a maximum r a t e  t o  20,000CC/second. 

Exper imen ta l  S e c t  i o n  

The system d e s c r i b e d  i n  t h i s  paper  makes use  of e x i s t i n g  
elements of a n a l y t i c a l  i n s t r u m e n t a t i o n  i n  a unique 
combina t ion .  A CDS Ins t rumen t s  Model 920 Thermal P rocess ing  
System w a s  used i n  , t h e s e  experiments .  Dynamic 
headspace/purge and t r a p ,  f u r n a c e  p y r o l y s i s  and f i l a m e n t  
p y r o l y s i s  can a l l  be performed d u r i n g  a s i n g l e  experiment .  

The the rma l  p rocess ing  u n i t  cons is t s  of  a thermal  
d e s o r p t i o n / f u r n a c e  p y r o l y s i s  chamber mounted on t h e  s i d e  of  
t h e  i n s t r u m e n t .  For dynamic headspace and/or  fu rnace  
p y r o l y s i s  t h e  chamber has  a maximum tempera tu re  of  60OOC. 
The h e a t i n g  rate of t h e  f u r n a c e  is  up  t o  60'C/minute. I f  
h i g h e r  t empera tu res  o r  h e a t i n g  rates a r e  r e q u i r e d ,  t h e  
Pyroprobe 2000 can  be used t o  h e a t  t h e  sample t o  a maximum 
tempera tu re  t o  14OOpC a t  r a t e s  from O.Ol°C/minute  t o  
20,00O'C/second. A s  t h e  sample is  h e a t e d ,  c a r r i e r  f low 
d i r e c t s t h e  v o l a t i l e s  t o t h e  t h r e e  on-line traps. These t r a p s  
c o n t a i n  Tenax TA t o  r e t a i n  o r g a n i c  f r a c t i o n s  o r  molecular  
s i e v e  5A f o r  t r a p p i n g  f i x e d  g a s e s .  
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Figure 1 shows a flow diagram for this system, which 
contains three traps, a monitor FID, packed column GC with a 
TCD and a capillary column GC with an FIE. In terms of 
geochemical analysis, the furnace heats the sample to 3OOpC, 
while the migratory hydrocarbons are trapped onto trap A .  At 
the same time part of this fraction goes on to a monitor FID 
to determine the total P, concentration. The sample is then 
heated to 600%. The crakked kerogen passes to a split valve 
where part of the sample is collected onto trap B and the 
remainder passes on to the monitor FID for P evaluation. 
After collection of the fixed gases on the molecular sieve 
trap, the fixed gases are analyzed with a packed column GC 
and a thermal conductivity detector. After this, the trap 
containing the migratory hydrocarbons (P,) is backflushed 
through a heated transfer line to a capillary GC with a 50M 
X 0.25mm SE-54 capillary column. After this analysis, trap 
B containing the cracked kerogen components is backflushed 
and analyzed by the capillary GC. 

- .. 
1 

Figure 1: Flow schematic of thermal processing system. 

Due to the flexibility and programming capability of 
this system, any number of thermal treatments can be 
performed depending on analytical needs. 
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Resu l t s  

Two geochemical samples were compared i n  t h i s  s t u d y .  
The f i r s t  sample was an Alaskan o i l  s h a l e ,  t h e  second sample 
was from t h e  Green R ive r .  The samples were hea ted  t o  300'C 
and then  to  600'C u s i n g  t h e  f u r n a c e  . py ro lyze r .  F igu re  2 
shows t h e  monitor  F I D  composite results of  t h e  Alaskan o i l  
s h a l e  sample along with the t empera tu re  p r o f i l e .  The P1 

. composite f r a c t i o n  e lu t e s  a t  ap  rox ima te ly  138OC and P2 e l u t e s  
a t  a sample t empera tu re  of 530C. The a r e a  r a t i o  of P l /P2  was 
measured t o  be  0 . 0 8 4 .  

8 
TEMPERATURE PROFILE 

600 C 

7 
/I \P2  COMPOSITE 

600 C 

P2 COMPOSITE 

300 C 

P1 COMPOSITE 

Figure  2 :  Temperature p r o f i l e ,  P1 and P2 f r a c t i o n s  
of  an Alaskan o i l  s h a l e .  

F i g u r e s  3 and 4 r e s p e c t i v e l y ,  show t h e  c a p i l l a r y  column 
chromatograms of t h e s e  two f r a c t i o n s .  The P, f r a c t i o n  shows 
t h e  mig ra to ry  hydrocarbons from pen tane  t o  th t r adecane .  The 
l a r g e r  f r a c t i o n ,  P d i s p l a y s  t h e  c racked  kerogen geopolymer. 
Compounds gene ra t eh  by thermal  treatment up t o  600'C produces 
hydrocarbons up t o  C!?. 

HIORATORY HVOROCARBONS (Pi1 

SAMPLE n e A r e o  TO aodc 

Figure ~ E N T I O N T I H E I ~  2 0  a s  30 35 40 4 5  6 0  

* Alaskan o i l  s h a l e  hea ted  t o  300 C. 
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CEOCHEMICAL ANALYSIS 

CRACKED KEROQEN r ~ 2 )  

SAMPLE HEATED TO ECOb 

I 
RETENTIONTIME 16 ao 2s ao so 60 4s so 

Figure 4 :  Alaskan oil shale heated to 600 C. 

A second application of this instrument is in the field 
of synthetic polymer analysis. Residual solvent analysis, 
polymer identification and structural determinations are all 
possibilities. Figure 5 displays a 10 mg. sample of 
polystyrene which was heated to 30OOC. The chromatogram 
shows primarily solvents used in the processing of this 
polymer and especially residual styrene monomer. 

DYNAMlCHEAOSPACEOFPOLYSTYRENEAT300C 

Figure 5: Polystyrene heated to 300 C for 10 minutes. 
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After residual solvent analysis, a portion of the 
residue (approximately 500 micrograms) was pyrolyzed at 750GC 
for 10 seconds. Figure 6 shows the results of this 
procedure. Styrene monomer, dimer and trimer are all 
products of this thermal treatment. 

5 
POLYSTYRENE 

760 0 FOR 30 SECONDS 

Figure 6 :  PyrolysisrGC analysis of polystyrene at 750 C. 

Finally, the most complex type of analysis involves 
composite materials which contain many components of varying 
volatilities. Cosmetics are a group of materials which fit 
ideally into this category. Mascara samples frequently 
contain solvents, pigments, polymers and inorganics which can 
hinder the analysis. A mascara sample was heated to 300'C 
and then pyrolyzed at 700'C for 10 seconds. The solvent 
analysis of the mascara sample is shown in figure 7 .  This 
chromatogram reveals solvents and the black pigments used in 
this commercial product. Subsequent pyrolysis of the 
residue, figure 8, shows the presence of an acrylate polymer 
which was identified as polymethylmethacrylate. 
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MASCARA E I DYNAMIC HEADSPACE ANALYSIS I I 1 
300 C FOR 10 MINUTES 

Figure 7: Dynamic headspace of mascara at 300 C. 

PYROLYSIS 01 MASCARA B 
7 6 e C  FOR 10 SECOND8 

z 
0 1 
m 
E 
E 

* 
W 

Y n 

20 50mIn. 

Figure 8: PyrOlysis/GC analysis of mascara residue. 

Conclusions 

The analytical system described in this paper proves to 
be versatile instrument for the thermal processing of a 
diverse range of samples. Due to the trapping capabilities 
ofthe system, several temperature dependent fractions can be 
collected an subsequently analyzed by GC,  GC/MS or G C / F T - I R .  
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The development of compsite materials and the appesrance of new applications in the aerospace and automotive 
industries have revived interest in high performance organic polymers, identified as possible matrices for titer/polymers 
composites. Polyarylethers, which were some of he  fust commercialized plastics, are among the polymers being consid- 
ered. They form a class of polymers hat are tough. have a high softening temperature and maintain their mechanical 
PIOpenies for exlended periods of time at temperatures over l500C [1231. 

Sulfonc-containing polyarylethers generally include one 01 more aromatic rings linked together by ether and sul- 
fone p u p s .  One class of these polymers also contains isopropylidene linkages. The nature, and proportions of the differ- 
ent linkages determine the physical propenies of each polymer. Herein we focus attention on polymers with phenyl ether 
(Ph-0-Ph) and phenyl sulfone (ph-So;?-Ph) bonds; we will consider polymers containing the propylidene linkage in a 

Thc thermoplanic behavior of polyarylethermlfones makes them very atuxtive for injection molding, forming, 
pulmcjon and other manufacuing techniques in which the raw material is softened by heating in order to be processed. 
Due to their high softening temperature (glass transition wnpaature > 195OC). these polymers require processing tem- 
peratures of 350 to 4OOT. At these temperatures, the chemical bonds within the macromolecules are thermally labile, 
which can lead to changes in the srmcture of the polymer. Srmcnval changes can also occur when the polymers are main- 
tained at high oPaa(i0nal temperams (150 to 200T.l far an extended period of time. 

The foregoing manufacturing and operational issues have motivated studies of the thermal behavior of the 
polyarylethersulfones since the early stages of development, and elucidation of the mechanism of degradation has been 
pursued. The literature, in this area is largely experimental and suggesll hat the thermal decomposition chemistry can 
cause topological changes leading to altered polymer properh.  such as the formation of a gel from a linear polymer. 
This literalure motivated the present work aimed at the development of a molecular model of polymer reaction and diffu- 
sion using our recently formulated Monte Carlo approach to the simulation of the reaction of macromolecules. 

Most of the experimental work on thermal and radiolytic stability has recently been reviewed by Verma [I]. As 
is evident in the literature. there is no objective measun of the thermal stability of polyarylethersulfones. If the maxi- 
mum decomposition temperature is the importat parameter. polymers align in the orda of increasing stability in one 
way 15.6.7. On the ocher hand, if gel formation is to be avoided (e.& during injection molding). then stability is ordered 
in another way [61. Thus. thermal or radiative stability must be considered in relation to one or more of the polymer's 
propoties when exposed to huu (B radiation. 

The properties of inlerest ark directly linked to the applications for which the polymers are, intended. Polymers 
may have good stability for certain applications while performing poorly in others. For example, a polymer with a high 
degradation temperature, may exhibit rapid gel formation at processing temperam. Thc following have been used as a 
measure of thermal stability: lowest degradation e m p e r a m  and weight percent loss in vacuum or in air obtained from 
TGA analysis [5,6.7;10.11.16.171. gel and gas formation [6.7,8.10.11,12.13.181, intrinsic and limiting viscosity of the 
sol fraction [8,9.10,18,12,13.151, modulus [91, tensile flexural saength [9,13.151 and molecular weight distribution of 
sol fraction [14.20211. Some properties studied in the literature have no direct link to properties necessary for use or 
manufacturing. but provide clues towards the determination of the underlying phenomena. They include optical density 
[191.infrsredandnmrspec~[6,10.17,18201201dbondscissionand~ssli~ngrates[8,91. 

' 

follow-up paper. 

Amoco Performance. Producu. Inc., Research & Development Center, 4500 McGinnis Ferry Rd.. Alpharetta. GA 
30202-3944. 
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The behavior of the polymer depends not only on its chemical composition but on the physical structure as 
well. Only one recent publication by Nakron and coworkers [I91 addnsses the influence of initial molecular weight dis- 
tributions on the thermal reaction of polyarylethersulfones. They show marked differences in the optical densities and 
oxygen uprake in the degdation of different molecular weight fractions of the chemically identicat polyarylethersulfones. 
Also. Brown et al. [I31 have shown large diffmces in the gel formation during radiolitic degradation of polyaryletherml- 
fones when the reaction temperature is above and below the glass transition temperature. 

This explicit relationship between reactivity and smcture has prompted the development of the present molecu- 
lar model of polymer degradation. This model. which incorporates fundamental information concerning the reaction of the 
polymers' reactive moieties and mobility of the polymer segment, explicitly links the structure of the system to its reac- 
tivity and reaction path. The model consists of a Monte Carlo simulation, within a percolation grid, of reaction and seg- 
mental mobility of polymer chains. 

The framework for this model is the underlying basic chmisby on which it rests. We present the development 
of the model in two pans. Pan I. the present manuscript. delineales the controlling elemenkuy steps of pyrolysis. These 
are assembled into a prediction of the reactivity of a model polysulfone in part 2. when the mechanics of the Monte 
Carlo simulation of structure, reaction, and diffusion are presented. 

Thus OUT present focus is on basic chemishy. What follows is a result of a thorough review of not only the 
polyarylethersulfone literature but also the physical and organic chemishy literaolre of the reactions of polyarylethersul- 
fone-related moieties. Our objective was to discem reaction pathways and kinetics parametem. The former would provide 
Monte Carlo allowable "transitions" while the latter would provide transition probabilities. 

THE THERMAL CHEMISTRY OF POLYETHERSULFONE SYSTEMS 

The thermal degradation of polyaryl~rsdfones was postulated in the original study by Hale et  al.171 to be free 
radical in nature. This has been probed since in nummus thermal and radiative degradation studies with diffeient formula- 
tions of related polyarylethasulfones [4,6.8.10,211. An important publication by Lyons et al. [221 on the radiative effects 
on polyarylethersulfones and related model compounds confmed such an assumption by identifying the presence of sev- 
eral free radicals during ESR monitoring of the reaction. 

Although they formulated the main hypothesis behind the degradation pmcess. namely that the "weaker" link 
breaks and generales radicals. Hale et al. [7] did not account for crosslinking reactions. Their study reports thermal gravi- 
metric experiments  ha^ mask the extent of the structural changes occurring in the melt. Their proposed mechanism in- 
cludes only bond brealring thmugh initiation and bond forming thmugh termination. 

Davis [El was the fust to obtain explicit evidence of crosslinking reactions by measuring the gel fraction in the 
reaction producu as a function of time. The experimental curve was similar to the gelation results obtained during 
copolymerization of polyfunctional monomers [MI. He concluded that crosslinking must occur by addition of polymer 
radicals to other polymer chains, but did not advance a mechanism for such a process. 

A mechani i  for crosslinking, involving cyclohexadienyl-type radicals observed by Lyons et al. [221. was later 
proposed by Danilina et al. [a]. It involves h e  addition of phenyl radicals, produced by initiation, to the benzene rings in 
the polymer chains. followed by elimination of hydrogen atoms. More recent publications by Narkon et al. [I81 and 
Kumda et al. [211 calculate crosslinking and bond scission rates from experimental resulu, using the Charlesby method 
for the former and their own novel method for the latter. Their calculations, however. do not take into account the nature 
of the c r o s s l i n g  process and only schematic mechanisms of reaction are presented. 

It is clear from (he literahue hat structurally significant reactions involved in the radical chains include not only 
initiation and termination reactions. but also addition steps that can lead to cmsslinking. Herein, we reduce the enormous 
complexity of these types of reactions via their organization into reaction families. Reactions involving radicals are 
classified into three main groups : 

- 
- 
- 

Initiation reactions. which aeate radicals from stable molecules; 
Ropagation reactions, in which the number of radicals is conserved, 
Termination reactions, which consume radicals. 

INITIATION REACTIONS 

Hale [71 f i t  proposed that the scission of the "weaker" bonds were responsible for the generation of radicals. 
Bond dissociation energies identify the carbon-sulfur bond (66 kcaVmole) in the sulfone group. 
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Although the nature of the initiation has been widely accepted, the mechanism remains a subject of discussion. 
The dominant view. proposed by Hale et al. [7]. consist of a two step initiation mechanism. where the carbon-sulfur 
bond breaks to produce a phenyl radical and a sulfonyl radical. The F'h-Soy radical can further decompose to Ph. and 
SO2 or react with other molecules. This view is shared by Lyons et al. in their radiation damage studied, but no conclu- 
sive evidence has been provided in the litemure [221. 

t The heat of formauon of the sulfonyl radical was calculated from the heat of formation of diphenyl sulfone, AHf = . 
30.98 KcaVMole. and the bond dissociauon energy of the C-S bond. Substituent effects, generated by the ether linkages 
at the para posiuon to the sulfone linkage. have been neglected here. 
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Ayscough [23] proposed a concened mechanism in which simultaneous cleavage of adjacent carbon-sulfur bonds 
OCCUTS. 

The fusion to Ph. and Ph-S02. described abov(: occurs with 10g~,$~ (5-l) = I5 and an activation energy equal 
to the dissociation energyof the carbon-sulfur bond, El = 65 kcaVMole. For reaction of Ph-S02- to Ph. and S02, 
logl& (s-l) = 15 and %= 45 kcaVMole is equal to the enthalpy of reaction. for the unimolecular decompositiont. 

The phenyl radicals pmduced in the initiation steps can either terminate or react with 0th- molecules generating 
new radicals, which propagate a pseudo kinetic chain. The list of possible radicals participating in radical-molecule reac- 
tions is limited to H. , Ph.. R-O., R-Soy. Cyclohexadienyl radicals, cyclohexenyl radicals and cyclohexyl radicals. 

PROPAGATION REACTIONS 

Three types of propagation reactions are present in the degradation mechanism: Addition of a radical to benzene 
rings and double bonds; elimination or B-scission; and hydrogen abstraction by a radical from a stable molecule. We con- 
sider each in tum. 

Addition Reactions 

The work of Danilina et al. [a] suggest that addition reactions to the polymer's benzene ring is the vehicle for 
crosslinking. Radicals can add to a substituted benzene ring to yield a substituted cyclohexadienyl radical. 

These reactions are very fast when the attacking radical is a phenyl radical [24.27,29,30,31,32.34,35.36,391 or a 
hydrogen atom [25,2628,37.381. In the case of phenyl radicals. at 450°C the addition to a benzene ring is 40 times faster 
that absmtion of hydrogen by the radical from benzene. 

Rate constants for addition of hydmgen atoms and phenyl radicals to substituted benzenes have been repomd in 
the synthetic organic chemishy literature[24-39]. Jansen [27] provides a value of 7.8 x 104 M I  s-l for the rate constant 
of addition of phenyl radicals to benzene. Pryor [251 estimated the rate constant for addition of hydrogen to benzene ai IO9 
M I  s-1 at 35°C. The activation energy for the latter reaction is known to be. 3.8 kcal/mole [24,26,371. which implies a 
IoglOA (h4-I s-') = 11.7. Modelling the transition state for the addition of phenyl radicals provides an estimate of 
loglOA(M-l sS1) = 7.7. Combined with the reported rate constant, the activation energy is calculated at E*= 3.83 
kcal/moles. This value is very close to the hydrogen value and is consistent with the ener etics of the reaction; the esti- 
mated enthalpy of reaction for hydrogen and phenyl additions are essentially equal at ..$= -24.9 kcaVmoles and 25.1 
kcaVmole respectively [25,26]. 

For al l  other radicals, the rate constant for addition, in its Arrhenius form. has been estimated from an Evans- 
Polanyi relationship relating activation energies to heats of reaction. The Evans-Polanyi relationship was used to esti- 
mate activation energies (E* = E*o + a A% for exothermic reactions and E* = E*o + (1-a) AH: for endothermic reac- 
tions). 

AH: is the enthalpy of reaction. E*o = 16.3 kcal M-' , and a = 0.56. AHR is calculated from the heat of for- 
mation of reactant and prcducts determined from Litemure information or group additivity [411. Estimated heats of forma- 
tion are summarized in Table l. The parameters Elo and a were determined from the values of the activation energies for 
the addition of phenyl radicals and the addition of cyclohexadienyl radicals [27.421. This procedure is described in delail 
elsewhere. 

The pre-exponential factors are assumed to be 5x107 MI s-', equal to the one for phenyl radical addition. 

The rate constant for addition can also be affected by electronic effects due to the presence of substituents on the 
reactant molecules. This is particularly m e  for addition at different positions in substituted benzenes. According to the 
extensive literature on radical addition to substituted benzene rings 125-391, neuhal radicals, such as phenyl radicals, pref- 
erentially add to the benzene ring af non-substituted positions. The reasons for such behavior are unclear. A possible ex- 



planation is that for large radicals. the substituent may present an imponant steric hindrance to ipso-substitution reac- 
tions. Beeause of their size. small hydrogen atcins are assumed to be an exccption and are al!owed in OUT reaction scheme 
to substiNte at occupied positions on a benzene ring. For any of the eleam-neud radicals that participte in the reaction 
mechanism, including the hydrogen atom. the prefemd position for addition is ortho to a substituent, followed by the 
para position and, f a y ,  the usually much less reactive meta position [%,29]. The relative selectivity toward each posi- 
tion is influenced by the electronic characteristics (electron donating or electron withdrawing) of the substituent and the 
attacking radical [24,29311. 

As an example, the rate constant for addition of a phenyl radical at an ortho position from an NO2 group is 9 
times greater than the ratc of addition of the m e  radical on an unsubstituted benzwre 1241. Values of the estimated rela- 
tive aetivation energy and rate constant for addition of phenyl radicals, at 425'C.Bt every position of a substituted ben- 
zene to the rate constant of addition to any position in an unsubstituted benzene are summarized in Table 2 for all the 
possible substituents in the polymer systems considered in this work. Similar studies with othm radicals show qualita- 
tively the same results. for elemo-neumal radicals [2429,391. Quantitatively. the values reported show a stronger influ- 
ence of the substituents present on the neutral molecule rather than of the mure of the auacking radical. Consequently. 
the ratios reported in Table 2 are assumed to be the same for all other radicals present during polysulfone degradation. 

An analogous reaction is the addition of radicals 10 the double bonds of cyclohexadiene and cyclohexene, which 
are not present in the original polymer but can be formed during reaction. Additions to double bonds me similar in nature 
to the addition to benzenes and consequently the same Evans-Polanyi relation was used to estimate activation energies. 

Elimination Reactions. 
I 

The reverse reaction to additions are eliminations reactions. They are B-scission reactions in which hydrogen or a 
substituent are e l i i  led The pre-exponential factors for these reactions were estimated at 5 ~ 1 0 ' ~  when hydrogen is 
eliminated and 5x10' foi elimination of a bulkier substituent. The activation energy. E*@ can be. calculared tium <A, 
the activation energy of the reverse addition reaction (from section IV.2.2.1). and the heat of reaction AHR. E*p = E  A - 
AHR . already detennined from Table 1. 

Hydrogen Abstraction 

The last family of radical-molecule reactions is hydrogen abstraction tium a stable molecule by any of the radi- 
cals. mere is very little easily extractable hydrogen in the initial polymer. When the benzyl hydrogen is the one ex- 
changed in this reaction. the rate for the fastest abstraction (by phenyl radicals or H.) is already several orders of magni- 
tude slower then chat for addition to the benzene ring. The only easily abstractable hydrogen in the initial polyethersul- 
fone sysrems is the phenoxy-H. As the reaction progmses, however. more-sahuated cyclohexadienes. cyclohexenes and 
cyclohexene. as well BS a higher number of hydroxy and possible -S02H g m u p  form and bring an extra sowe of ab- 
soacfable hydrogen. 

The pre-exponential factor for these reactions was estimated h ~ m  modelling the transition state at 1010 ~1 s-1 
when R. = H* and IO8 M1sS1 otherwise. It is comparable with literature values [431. The activation energy was calcu- 
lated using h e  Evans-Polanyi relation. 

In this case. AHR = di -H - di.-w The bond energies GeH and g,-H w a e  found in the literature I(56ll or es- 

timated from group contribution methods. They are summarized in Table 3. 

TERMINATION REACTIONS 

Radical-radical reactions consume two radical chain caniers. These very fast reactions are responsible for the ter- 
mination of the kinetic chain. They have kinetics implications, because they eliminate the chain carriers from the reac- 
tion mixlure. and also structural implications, because they can create bonds. 

Recombination Reactions 

Recombination of two radicals is the simplest case of termination. Recombination is assumed to be non-acti- 
otherwise. vated and with logl@ (M-' s-l) = 10 when R1 orR2 are hydrogen atomsand logl@ (hT1 s-') = 9 M1 
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Recombination reactions produce an inaease in molecular weight but can only be responsible for crosslinking 
when one of the terminating radicals is a central radical in the polymer chain. such as a phenyl or cyclohexadienyl radical 
linked to two other benzene rings. 

, Disproportionation Reactions 

Disproportionation reactions can occur, in competition with recombination, when one of the radicals h s  a do- 
natable hydrogen al the a position. This is the case for cyclohexadienyl. cyclohexenyl or cyclohexyl radicals. From 
product yields reponed in l i t e ram [24,26], the rate cons ran^ for dispmponionation appears to be 3 times smaller than the 
one for r e c o m b i o n .  

SUMMARY 

The observed chemistry is the combination of these simultaneous reactions. Their quantitative contributions to 
the degradation p m e u  is a function of their relative rates and their srmc~ural significance in the complex mechanism of 
reaction. The model developed in the following sections incorporates the complete set of elementary s tep  into a quantita- 
tive molecular representation of Ihc polymeric meL We conclude here with a more quantitative description of the kineti- 
cally and s~~ctura l ly  significant chemistry. 

The thermal reaction begins by fssion of the weak ph-S@-ph bond. The net result is the formation of SO2 gas 
and IWO polymeric phenyl radicals. 

The phenyl radicals begin the propagation steps. Phenyl radical addition (0 a benzene ring affords a substituted 
cyclohexadienyl (CHD) radical, the key intennediite in the overall chemistry. The CHD radical can add to a neighboring 
benzene ring, creating a crosslink and a different CHD radical. The CHD radical can also revert to he Orighal phenyl rad- 
ical and benzene ring, or eliminate a substituent as a radical that can conlinue the ppagation cycle. The CHD radical can 
also lerminate. which. when by recombination. will generally lead to another cmsslink. 

The complexity of this system is lhat at least seven (7) different radicals can panicipate. in this chemistry. 
Moreover. the importance of a given reaction depends on whuher the radical is al the terminus. or interior of a linear 
chain, a free low molecular weight radical. or part of a crosslinked polymeric arm. This motivates the usc of srmctwe-ex- 
plicit computer models to !mck the rcaction rates and strucuwl significance. This is the topic of our companion paper to 
follow. 
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Table 2. Substituent Effects for Phenyl Radical Addition to Substituted Benzenes 

t Reactivity towards -SO,- substituted benzenes was estimated from values for NO2 substituted benzenes. 
tt Reactivity towards -0- substituted benzenes was estimated from values from -OCH3 substituted benzenes. 
t f t  Estimated from the values for saturated hydrocarbon. 
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INTRODUCTION 

Sulfonecontaining polyarylethers generally include one or more aromatic rings linked together by ether and 
sulfone groups. One class of these polymers also contains isopropylidene linkages. They form a class of polymers that 
are tough, have a high softening temperature. and maintain their desirable properties for extended @cds of time. 

The neat poly(ary1ether sulfones) are softened by heating for processing. The literature [381 suggesls that some 
of the challenges to this processing are. engendered by the valuable properties of the polymers themselves. The same 
desirable high temperature softening point for end-use applications is also high enough that some (hemal degradation 
can occur during front-end processing. This can lead to gas evolution and viscosity increase, the latter presumably owing 
IO the formation of a gel. 

These literature reports motivated the present work aimed at applying our previously developed reaction 
modelling technique using Monte Carlo simulation to the reactions of poly(arylether sulfones). The particular appeal 
was that the literature suggested the thermal reactions have structural implications (e.g.. gel fomation), and our Monte 
Carlo technique is strucaually explicit. There thus appeared to be a good match. 

Our model therefore sought an explicit link among polymer structure, reactivity and properties. The link 
between polymer s t~c ture  and reactivity was formed by basing the reaction pathways and kinehcs on model compound 
chemisuy. Part 1 of this series described the elementary steps modelled to control the thermal degradation of 
poly(ary1ether sulfones). The link between the thus-changing polymer structure and properties was established by 
phrasing the model in terms of a three-dimensional lattice. on which lattice s i m  represented monomer units and lattice 
site connections represented bonds. Polymer diffusion on this lattice was desuibed by the movement of monomers to 
adjacent empty lattice sites. Polymer reaction was described by the destruction or fomation of bonds between lattice 
sites. the nature and probabilities of which King described by model compound pathways and kinetics. 

This percolation model of gela!ion allowed d&nnination of gel, sol and gas fractions as a function of reaction 
time. Other relationships or models linking properties of the material to its structure (e&, viscosity from molecular 
weight distribution or modulus from number of crosslinks and degree of polymerization between mulinlrs) can be used 
to determine the adequacy of the polymer to the application for which it is intended. 

The input to the model consists of the chemical and physical structure of the polymer of interest, an assumed 
mechanism of segmental mobility and arsoeiated transport constants. and the poslulated mechanism of thermal reaction 
and its associated rate constants. The output is a prediction of the s m c t m  and chemical identity of the system as a 
function of time. Because the model describes the system at the molecular level, at which all polymers share structure 
and chemisuy. the simulation parameters, such as reaction and transpon time constants. are. independent of the system 
modelled, and can be determined from other SOUIC~E such as experiments with model compounds. Thus thii model is 
envisioned as a tool for the understanding of the underlying fundamentals and for the determination and design of 
optimal systems. 

Although models have been frequently used to improve qualitative understanding, any signifcant quantitative 
use of a model's prediction is achieved through comparison with laboratory experimental resulu. However. the lack of 
precise characterization of the starling marerial renders difficult quantitative comparisons &ween experimental sludies 
and simulation resulu. especially when the polymers studied were synthesized for a particular study. In particular, a 
frequent omission in the studies reponed in the literature is the molecular weight distribution of the original polymers 
studied. For the purpose. of obraining peninen1 experimental dam, we have developed our own experimental procedure 
which will be reponed upon in a follow-up paper. Herein we focus on only the development and operation of the Monte 

1 Amoco Performmcc Roducts.lnc.. 4500 McCinnis Ferry Rd.. Alpharetta. GA 30202-3944. 
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Carlo simulation of polymer degradation. We begin by considering thc bssic issue of gelation. which ConUols the 
present structure-property link sought 

CELATION AND PERCOLATION. 

Part 1 described the basic chemism of poly(ary1ether sulfone) degradation. Occurring in the polymer, these 
elementary steps have structural significance. We need to account for more lhan just the net bond formationbond 
breaking; we need to account for crosslinking and longer-range connectivity. This requires a model of the gelation 
process. Gelation involves the formation of indefinitely large polymer s ~ c t u r e .  which will extend through the volume 
of the polymer sample and. on the molecular scale. may be considered essentially infinite. 

threshold. This point is akin to Lhe critical point in thermodynamics. As conversion increases during the polymerization 
of a systcm conWing multi-functional monomers. a point is reached where the system suddenly changes from a 
viscous homogeneous fluid to a IwcFphase system, containing an insoluble cluster. the gel. and a soluble portion. the 
sol [1.8,11.12.20]. The existence of a gelation point has also been demonsuated in systems where initial constituents 
are not monomers but linear polymers [1.9-16 1. 

Models of gelation address the connectivity of the system. An early analytical model was developed by Flow 
and Stockmayer [1,11,12]. Their approach is based on three main assumptions: functional groups react independently of 
one another; identical functional groups have the same reactivity; no intramolecular reactions occur. Also, any 
functional group can react with any other functional group, independent of position, and excluded volume effects are 
neglected. 

Based on these assumptions, the system can be represented as a Behe lattice [SI of functionality equal to the 
functionality of the monomers. A statistical analysis on this nuwork provides information on the size of the clusters 
and the connectivity of the monomers as a function of conversion, p being defmed as the number of bonds formed over 
the total number of possible bonds. This approach correctly describes the gelation m i t i o n  and the critical conversion 
value pc for the existence of an infinite cluster, calculated as pc = l/(f-l), for monomer of functionality f [I]. The same 
approach has also been used 10 describe the crosslinking of Linear polymer chains in the vulcanization of rubber 
[9,10.13-161. 

systems. For instance, neglecting intramolecular reaction is probably unreasonable when the initial condition is a set of 
large linear molecules rather than a collection of monomers. Also. excluded volume effects become important as the 
reaction proceeds. generating isolated sites. and the equal accessibility rule breaks down in strongly tranqnrt-limited 
systems. Percolation models of gelation are considered to ~ecount for he deficiencies of the analytical appmach. 

The cennal concept in percolation is the discrete description of space. Space is spanned by a lauice of 
dimensionality N. IIhe lattice sites can be occupied by monomers, and an connected to neighboring sites by a certain 
number f of bonds. corresponding to the functionality of Lhe monomers. It can be noted here that the Fbry-StOckmayer 
approach is equivalent to a percolation of infinite dimensionality. 

Percolation models are usually implemented numerically and grids of finite size are used to describe a 
representative fraction of the system. The boundaries of the grid are then considered to be periodic. In these insrances. 
gelation is auained when percolation occurs. In other words, a cluste~ becomes infinite when it spans the length of the 
lattice. Based on the state of the lattice a slate of statistical quantities, regarding the composition of the system, can be 
calculated. The reaction network and kinetics detamine the rules by which bonds are formed, linking p to reaction time. 

In the case of poly(ary1ether sulfone) degmbtion. crosslinking occurs as a consequence of breaking and forming 
linkages within an initially linear polymeric syslem. The grid percolation models offer the advantage, over the analytical 
model. of describing the physical and chemical environment of a reactanr A reactive intermediate has a migin number 
of nearest neighbors with which it can react Therefore. reactions can be considered a the elementary step level, where 
bond braking and bond forming occur. These were presented in part 1 and can be organized. from a topological point of 
view, into three main classes: 

Gelation is always the result of c ross l ing .  Its main characteristic is the existence of a gelation point or 

The assumptions stated earlier limit the quantitative use of the analytical approach to but a handful of simple 

Bond-Wing reactions: 

Bond-forming reactions: Additions and minations. 
"Bond-neucral" reactions : 
In the next section, the Monte Carlo sirnulation of poly(ary1ether sulfone) degradation is presented. using a 

Initiations and eliminations from cyclohexadienyl. cyclohwyl or 
cyclohexenyl radicals. 

Hydrogen abstractions and disproportionations. 

three-dimensional square-grid percolation model that incorporates the entire set of elementary steps desaibed earlier. 

MONTE CARLO MODEL DEVELOPMENT. 
The Monte Carlo simulation of degradation of poly(ary1ether sulfones) is summarized in terms of major 

modules of the overall simulation scheme. The initial polymer configuration is constructed from smctural information. 
Once an original configuration is determined, radicals are generated within the grid using an event-space algorithm. The 
time ti and nature of the initiating event (initiation reaction or diffusion into the lattice) are calculated. The new staw of 
the system is determined, and time is upaated (One =time + $). Once radicals are present in the lattice, polymer 
segments are moved, and all radicals present are mwd for reaction with their environment during a fued time interval 

656 



I 

At. If. after that time intmal. radicals are still present in the lauice, the total time is updated (time = time + At), and 
the previous step is repeated. If. on the conmy. all radicals have disappeared from the lauice (via termination or by 
diffusing out through a grid boundary), new radicals are generated within the lattice. Then time is updated and the same 
movement/reaction process described above is repeated. Results are stored at desired reaction limes. Once the final 
reaction time is reached, a new initial contigumion is generated for each subsequent run. The resulu of all runs ar? 
averaged to yield statistically significant quantities. 

simulation of shucture. including the initial configuration and the dynamic simulation of structure. followed by 
simulation of initiation and propagation reactions. The mechanics of the program developed are W e d  elsewhere 1391. 
SIMULATION OF STRUCTURE 

The polymeric melt is represented by a three dimensional square grid of dimension N x N x N. Polymer chains 
are represented by monomers occupying grid sites connected by bonds. Each grid site has six nearest neighbors with 
which to interact lhrough linkages or reaction. This representation of the system allows the description of the chemical 
environment of each site, as well as the global connectivity of the system. It also allows for spatial movement of the 
monomers, horn site to site according to specified rules, 10 account for musion. 

In poly(ary1ether sulfone) systems. the grid sites rqnesent substituted benzene rings, and the bonds represent 
the l i g e s  beween ammatic units. For the system considered here, these bonds are sulfonyl L i e s ,  ether l i g e s  01 
carboncarbon bonds (arising from thermal reaction). 

Initial configuration 

molecules are initially linear. They are represented by self-avoiding random walks in the cubic lauice [120.17-19211. 
The degree of polymerization (chain length) of each molecule is randomly chosen from the initial dew of 
polymerization distribution. The molecule is then placed in the percolation grid, by placing monomers one by one, 
until the predetermined length is aaained. Where shucture is conmed.  the boundaries of the grid are periodic. ‘Ihi 
means that a polymer chain hu exits the grid through one facc mtem it h u g h  ulc opposite face. This pmcedure is 
repeated with new polymer chains until a fraction of the lauice, corresponding u) rhe polymds density. is filled. 

In order to calculate the occupied fraetion of the grid, the Van der Waals volume of the polymer, eslimaled by 
optimizing the structure of the polymer’s building blocks (in this case diphenylsulfone and diphenyl ether). was 
compared with the total volume of the lauice. fssumed u) be the total volume occupied by the polymer. The estimation 
of the polymer molecular volume was achieved by optimizing stnrcture using extended HUckel molecular orbital 
calculations. The occupied fraction was obtained by dividing the molar Van der Waals volume of the polymeh building 
block by the molar density of the polymer. In the case of poly(aryle(her sulfone), the density is 1.06 glw, and an 
average volume of diphenylsulfonc and diphenyletha was estimated at 130 A3. ‘Ihe occupied h t i o n  in this case is 
75%. 

will allow polymer movement and the chemical identity of each lattice site and bond. Reaction and movement of 
polymer units can then be explicitly addressed at the molecular level. 

Dynamic structure simulation. 
The bansport characteristics of the medium in which radical reactions occur have a strong influence on 

pathways and kinetics. The radical reactions involved in the degradation mechanism are very fast. Fast reactions have 
been shown 10 be affected by the ability of the reactant to move [22-2428.30.32-36]. The lime scale of these reactions 
is often comparable to that for molecular movement. especially in restricted systems like polymer melts. Also. the 
connectivity of the networl can affect or be affected by transport limitations. as is appannt in the work of Bmwn in the 
radiolitic degradation of poly(ary1ether sulfone) at temperawres above and below the glm transition temperature [22].11 
is therefore imponant to introduce mechanisms that account for the movement of the monomers. 

segments, in a wormlike fashion 1391. In simulation. a number of movements. equal to the number of monomers 
p m t  in the medium. are aaempted in a time step AL Since the CPU requirement to move every possible segment in 
the system becomes prohibitively large with grid size, only polymer segments within three lattice sites of a given 
radical were moved in one step. This local diffusion model captured the environment about a reactive site while still 
allowing reasonable compuratioML demand. The model has been described in detail elsewhex. 1391. 

Simulation of Reaction 
Reactions are simulated according to the stochastic algorithm described elsewhere 1391. Two classes of events 

are distinguished: The initiation events. creating active cenm (radicals) within the lattice, and propagation events, 
carrying the radical chain reactions. 

-. Radicals responsible for the degradation of poly(aryle4her sulfone) are formed in initiation 
reactions. The sulfonyl linkages break u) give two radicals. a phenyl radical and a sulfonyl radical. Tkse radicals can 
propagate the reaction by interacting with stable monomers. or they can terminate. 

The following subsections present in derail the features of each unit of the overall simulation, starting with the 

The initial configuration of the system is determined by randomly placing molecules in the grid. Polymer 

The initial polymer configuration gives the complete conneetivity of the polymeric melt. the free volume that 

The amroach taken follows the idea that a polymer molecule diffuses through the movement of its smaller 

. .  . 
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An event-space algorithm is used to generate radicals. The initiation possibilities include the breaking of any of 
he N sulfonyl linkages present in the lattice. Each one of them represents M event that can happen with ram 
constant kinit. However. due to the finite size of the grid, an exW initiation event was included: radicals generated 
elsewhere in the melt and outside of the lattice were allowed to diffuse into the grid. The necessity for such an event was 
prompted by the relative values of initiation and termination rate constants. Rae constants for initiation are usually 
orders of magnitude smaller than those for projagation reactions and up to IOl5 times smaller than termination rate 
constants. Concentrations of radicals in this system are ofthe o* of d - 1 ~ 1 0  times the concentration of initiating 
linkages. Memory availability and CPU requirement limit grid sizes to values well below the lo8 sites nccessBIy to 
simulate a representative sample of polymer melt. This means that periodic boundary conditions cannot be applied 
regarding the movement of radical intermediates. If a radical moves out of the percolation grid, it disappears. Having it 
reenter the grid through the opposing face would anificially increase the concentration of radicals. Including this second 
(hansport) component to the "initiation" or generation of radicals involved the evaluation of the rate of "diffusion" of . 
radicals into the lattice. This was accomplished by calculating the number of radicals that will cross the lattice 
boundaries inwards per unit time. A radical will move a distance equal to one lauice unit in an average time 
'I = x l2 I 16 D. where D is the effective diffusion coefficient and I is the size. of a lattice unil. There are 6 
neighboring sites to which the radical can move. If a radical is positioned one lattice site outside the lattice boundary, 
only one of its neighboring sites is pan of the lattice. Thus, on average, I16 of the radicals in those positions will 
move into the lauice. The number of radicals diffusing into the lattice per unit time is then nrad = CIad x.V I 6  T , 
where C,d is the global concentration of radicals in the melt and V = 6 (N 1)' is the volume represenled by a slab one- 
latticesite thick around the outside of the lauice boundaries. Estimations of Cmd and D were required in order to 

s4? 

calculate "rad. 
The effective diffusion cwfficient of radicals is a result of the combined effect of the mobility of polymer 

chains and segments and the reaction of radicals with occupied neighboring sites. The diffusing species is the radical 
reactive center and can move from molecule to molecule by reaction. lliis means lhal a radical center can "diffuse" even 
when the molecules bearing it are fued 

through its transport propenies @e. viscosity, molecular weight, crosslinks) but to its chemical sv~eture as well. It 
was evaluated by placing a radical in the center of the reactive lattice and performing the simulation disabling initiation 
and termination chemistry. The average distance travelled, a. by the radicals in a time t = 1 second was recorded. and the 
diffusion coefficient was calculated by assuming the radical performed a random walk. In such a case. D = II a I 16 t 

ord2 I6 I .  

global concentration of radicals in the melt. The thexxy of reactions in solution as well as the pseudo-steady state 
approximation were applied to evaluate Gd (I priori. as described in detail elsewhere. [39]. 

The final result is shown in Eq. I.  where IS@] is the concenwtion of unreacted S@ linkages. 

The effective diffusion coefficient was therefore relaud not only to the physical characrCristics of the system. 

- 
finally. Ihe evaluation of the rate of radicals diffusing into the lattice requires the knowledge of Cd the 

The rate of diffusion of radicals into the lauice was thereby determined as a function of the physical and 
chemical characteristics of h e  real system and of the simuLuion parameten fie. grid size). 

An event-space simulation is performed to calculate the time and nature of the next initiation event. The l i t  of 
possible events includes the scission of any of the N9 sulfonyl linkages and the diffusion of a radical into the lauice. 
The total rate constant for radical generation is then $g = Nss kinit + nrad The time interval between the present time 
and the next event. r, is determined according to the algorithm described elsewhere f361. A random number, RN. is hen 
drawn to determine which event occurred. If RN c N9 kinit / h. a sulfonyl linkage, chosen at random, breaks. 
generating two radicals. Otherwise. an occupied position selected at random on the lauice boundary is modified to 
become a radical (i.e. if the occupied position is a benzene ring, it is changed to a phenyl radical or a cyclohexadienyl 
radical, or to a phenoxy radical if it has phenoxy substituents), to represent the generation of an active center via 
diffusion. The reaction time was at this point updaled by adding 'I to the current time. 

radical or p-scission reactions. 

approach f37.391 was used lo simulate the reactions of radicals with their environment. A radical can react with any of 
its nearest neighbors to which it is not connected. 

occur is given by Equation (2): 

Once reactive intermediates appeared in the lauice they could undergo a series of faster radical-molecule. radical- 

&pagation reactions can be strongly affected by segmental mobility. A fued time step 

In the general case n reactions will be possible for a given radical. The probability for reaction i to 
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The possible transitions and their associated probabilities are computed according to the environment of the 
radical and the energetics of elementary steps listed in Pan 1. However, for bimolecular reactions, the reactants must 
come within one Lattice unit of each other before they can reacL Following the "nactions in solution" formalism. it is 
justified to say ha t  they must form an encountered pair of reactans AB*. for them to react Chemical transformation of 
this pair is best described by a fit-orda process. the disappearance of the species identified as "an encountered pair of 
reactants". In short, the rate constants of part 1 and the "reactions in solution" formalism [23.25.281 were reconciled 
[391 to detennine the transition probability for this f i t  or& pr&w. The f d  result is kfmt 

p3L A s a n d  && e-E*mT, where the second order reaction and lhat of the encomlered pair have the Same activation 
energy. 

parallel reactions [37,39]. A random number, RNi, was compared to the probability Pi = (1 - exp( - 
that a radical i reacts. If reaction occurs a second random number determines its nature. The state of the lattice is then 
updated, and the random number RNI, the rate constant of the reaction that did occur and kj are kept in memory. 
The same procedure is applied to all the radicals present in the laaice. The formalii  of reactions in series C37.391 was 
used to account for the fact that several reactions in series can occur in AL If radical i reacts in the lime interval to yield 
another radical (it does not terminate or "'escape" from Ihe grid), Ihe new radical is tested for reaction. This procedure is 
repeated until no fwthcr reaction occurs. 

Once all radicals have been checked for reaction in At. the reaction time is upaatea by adding At to the current 
time. A new time step is allowed to pass or new radicals are genenued in the laaice depending on the status of the 
lauice. When the reaction time reaches predetermined output times. the status of the grid is reiorded. Results of several 
Markov Chains are averaged to yield statistically significant numbers. 
OUTPUT OF THE SIMULATION 

computer "experiment" is the average of the resulu of N MarLOv Chains. for which results were recorded after 0-30 
minutes of simulated reaction time. 

The output of the simulation summarizes the detailed chemical srmcttue and connectivity of the polymeric 
system as a function of reaction time. The attributes of the system are described in haetions (sol fraction. gel fraction. 
fraction of crosslinked monomers), averages (average molecular weighs avuagc number of OH groups per monomer) or 
distributions (sol fraction molecular weight distribution. distribution of number of lidages per monomer). 

The choice of amibutes is often delemined by the desired comparison with laboratory experiments. as is the 
case for the gel. sol and gas fractions. However, attributes unavailable from laboratory expaimenU may present 
considerable importance in the understanding of the underlying fundamentals. For example, the fraction of crasslinked 
monomers can be used to evaluate the validity of the F l o r y J ~ ~ ~ k m a y a  model assumptions. 

The quantities recorded for the present simulations were: distribution of monomer types (benzene rings. 
cyclohexadienes. cyclohexenes. cyclohexanes); total number of linkages; fraction of sulfonyl, ether and biphenyl 
linkages; fraction of monomers with one, two. three. and four linkages; gas. sol and gel fractions; number-average and 
weight-average molecular weight and degree of polymerization of the sol fraction; sol fraction molecular weight 
distribution; gas fraction composition; number of OH groups per monomer. number of chain ends: number of S02H 
groups per monomer. total number of radicals generated in the lattice. 

Most of the foregoing quantities are delermined by simple inspection of the lattice. Determination of gel, sol 
and gas hctions from the simulated pymlysis requires more attention. Experimentally, these fractions are related to h e  
solubility protocol used: the gas fraction is the portion of the mixture lhat is volatile at mom temperature and one 
atmosphere total pressure; the gel fraction is the portion insoluble in a suitable solvent or any molecule unable to pass 
through a 5 micro-fiberglass filw, the sol fraction is the rest of material. The determination of the gel fraction was by 
making the conceptual link that the gel fraction corresponded to the portion of polymer that is insoluble in a solvent 
hat dissolves linear polymm of same chemical compositions. The existence of a gel implies, according to Rory [I], 
the presence of an infinite network of crosslinked material. 

= vpe-mT = 

To implement the simulation, the occurrence and nam of a reaction was & m i n e d  through the algorithm for 

7 kj At)) 

The simulation results are recorded to allow for comparison with laboratory kinetics experiments. The 

SIMULATION RESULTS 
Model predictions are presented in terms of temporal v d t i o n  of average srmctural parameters and the yields of 

solubility-based product fractions from simulated poly(ary1ether sulfone) pyrolyses. The results presented here are the 
oulput of the simulation performed on a three-dimensional square grid of dimension 40 x 40 x 40. 
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PRODUCT FRACTIONS 
The determination of products belonging to the gel fraction. the sol fraction or the gas fixtion was made 

according to the rules desnibed above. Calculating the weight of each monomer and its associated linkages, summing 
these for the gel and sol fractions. and dividing by the total weight of all particles in these two fractions enabled 
prediction of the weight yield of the sol and gel fractions from simulated pyrolyses. 

Figure 1 presents the temporal variations of the sol and gel pmduct fractions for simulated pyrolysis at 4 2 5 f .  
The gel fraction shows a general increase with time, and the sol fraction shows the complementary denease with time. 
A small fraction of gel is formed at times c 500 s, but a dramatic increase occurs at 500 s. where the gel fraction 
increases sharply to slightly grater  than 20%. 'Ihis can be qualitatively likened to the existence of a gelation point 
which has been reported during experimental polymer pyrolyses. The small fluctuations in the gel fraction prior to the 
dramatic increase can be attributed to computational factors. The simulation allows for bond-breaking initiations at all 
time steps. Chains already considered to be a part of the gel fraction CM undergo chain scission at later reaction sfages 
and therefore may no longer satisfy the percolation and crosslinking requirements for gelation. The frequency of this 
occurring is very small. however, and, in any event, dampens as the number of Markov Chains increases. 

The yields of sulfur-containing product gases, H2S and So;?, from the simulated pyrolysis are shown in 
Figure 2. The percent yield is based on the mount of sulfone linkages contained in the reactant poly(ary1ether sulfone). 
The yield of So;? increases linearly with time and reaches an ultimate value of 4% after 1100 s of simulated reaction 
time. The percentage of HzS formed is much lower and achieves a value of only 0.1% after 1100 s of reaction time. The 
balance of the sulfur would remain in the gel or sol fraction as So;? linkages between monomers. 

STRUCTURAL PARAMETERS 
The model explicitly monitored the length of each chain (number of monomeric units) and the type and number 

of links for each of the monomers. This information could be assembled to specify values of average structural 
paramem for the entire polymer or any of its prcduct hc+.  

The number average degree of polymerization. x,, , for the sol product fraction as a function of time is 

. 

- 
presented in Figure 3. The value of x,, is defined in the simulation as: 

- f number of chains of degree of polymerization i x i 
total number of chains xn = 

where i=l would represent one unit in the polymer chain w& a unit is taken 10 be a single benzenederived ring or, in 
simulation terms, one grid point. Note that the value of xn continually decreases. exhibiting a value of 108 at the 
initial time and e a s i n g  to ar2timate value of 20 at 1100 s. Chain scission and crosslinking have opposing effects 
on the value of xn . However, xn is particularly sensitive to che pmporfion. by number. of shorter chain lengths. and 
therefore exhibiG the generally decreasing W. 

In the region of 500 s. there is a marked decrease in the value of a. This is the point when a significant 

portion of gel fraction forms and the large, crosslinked chains no longer connibute to the value of for the sol 
fraction. The time at which this occurs is simultaneous with the point considered to be the gelation point in the gel 
fraction versus time curve presented above. 

The temporal variation of the weight average degree of polymerization, x.+, , is shown in Figure 4. The 
- 

- 
definition of xw used in the simulation is : 

- 
xw = 

f number of chains of degree of polymerization i x i2 

number of chains of degree of polymerization i x i 

- - 
The value of xw , in contrast with the value of xn , increases with time in the initial stages of reaction. The 

weight average degree of polymerization is panicularly sensitive to the presence of larger chain lengths, and (herefore. 
the effect of crosshking dominates over chain scission. The sharpest rise occurs in the region of 450 s followed by a 
sharp decline. This corresponds to the region, identified earlier as a gelation point Here the infiiite chains in (he gel no 
longer contribute to any parameters measured in the sol fraction. In the later stages of reaction, more of the material is 
conminedinthe gel fractions, and the sol fraction is composed of small chains which gives rise to a small ultimate 
valueof xw . 
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AI1 of the results presented are for the reaction at 425'C of a poly(atyle.ther sulfone) with a single initial degree 
Of polymerization. We are just beginning to use the model to explore other polymers and conditions. The object of this 
Epon was to describe and record the approach and methodologies used. The agreement between model predictions and 
evJimentally observed temporal variations of the yields of product Fractions and the values of srmctural parameters 
will be assessed quantitatively in a follow-up communication. 

CONCLUSIONS 
Poly(ary1ether sulfone) structure. reactions, and diffusion can be described quantitatively in twms of a dynamic 
reaction lattice. 
Model compound kinetics provide a basis for modelling the bond-breaking and bond-forming reactions of 
poly(ary1ether sulfones). 
Gelation was associated with the auainment of a spanning cluster on the lattice. The gel fraction was sensitive to 
the fraction of bonds formed, as in polymerization. 
The model represents a flexible computer experiment for testing the influence of processing conditions. 
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INTRODUCTION 

Fires kill nearly 10,000 people each year in the U.S. and cause nearly 300,000 injuries and over 6 
billion dollars in property damage (1). Consequently, there is a great need for additional research 
on fires and fire safety. While non-polymeric materials (e.g., cooking fat) are the main sources of 
ignition, natural and synthetic organic polymers are most frequently the materials which are primarily 
responsible for the propagation of fires (2). To describe the pyrolytic degradation of a burning 
polymer, one needs to know the chemical reactions and rates for the bridge breaking 
(depolymerization) and crosslinking (repolymerization) reactions. But these reactions typically occur 
within a crosslinked macromolecular network, so their effects in fragmenting the macromolecule must 
be treated statistically. In addition, the effects of heat and mass transport within a material 
undergoing phase changes (solid to liquid and gas) must also be included. While statistical 
methods have been applied to the polymerization processes (3,4), such models have not been as 
well developed for the degradation processes, particularly for charring polymers. 

This study is based on two techniques, one theoretical and one experimental which have resulted 
from research during the past ten years by Advanced Fuel Research, Inc. (AFR) on the pyrolysis of 
coal, a natural polymer. This work has led to development of a macromolecular network model to 
describe the thermal decomposition of coal (5-10). To develop this model, we have determined the 
rates and mechanisms for depolymerization, crosslinking, and the formation of char, tar, and gases. 
These processes are imposed upon a sample macromolecular network constructed in a computer, 
and Monte Carlo (or Percolation Theory) methods are used to determine the molecular weight of the 
network fragments as the population of bonds and uosslinks changes. The model includes a model 
for viscosity (melting) based on the molecular weight distribution of the macromolecular fragments. 
In addition to predicting the molecular fragments, the evolution of gas species is predicted from the 
thermal decomposition of peripheral functional groups in the network. The combined model has 
been called the FG-DVC model, which stands for Functional Group - Depolymerization, Vaporization 
and Crosslinking model. The FG-DVC model has been validated using literature data and data 
obtained in our laboratory (8-10). 

The work on coal pyrolysis has also led to the development of a new instrument called the TG-FTIR 
which integrates a therrnogravimetric analyzer (TGA) with an FT-IR for enhanced gas analysis (11- 
13). The TG-FTIR system provides kinetic information on the weight loss and volatile products used 
for validation of the FG-DVC model. 

The modeling (FG-DVC) and experimental (TG-FTIR) techniques were applied to pyrolysis of phenol- 
formaldehyde (P-F) resin, which is an example of a charring polymer. Currently, these types of 
polymers present the most difficulty as far as predicting their behavior in a fire. Charring polymers 
are also of increasing importance because they have inherently higher flame retardance properties 
than non-charring polymers. The thermal decomposition of P-F has been the subject of numerous 
literature studies because of its commercial importance, which also makes it a good candidate for 
development of new models and techniques (14-24). Finally, the behavior of P-F is similar to coal 
in many respects and it has been used as a model system for coal (25-29). 
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EXPERIMENTAL 

ADDaratUS 

Details of the TG-FTIR method appear elsewhere (11-13). The apparatus consists of a sample 
suspended from a balance in a gas stream within a furnace. As the sample is heated in a helium 
flow, the evolving volatile products are carried out of the furnace directly into a 5 cm diameter gas 
cell (heated to 150'C) for analysis by FT-IR. The FT-IR can obtain spectra every 0.2 s to determine 
quantitatively the evolution rate and composition of several hydrocarbon compounds. The system 
~ l lows the Sam le to be heated on a pre-programmed temperature profile at rates between 3'C min' 

and 1OO'Cs- up to a temperature between 20 and 1OOO'C and held for a specified time. The 
system contlnuously monitors: 1) the time-dependent evolution of the gases (including specific 
identification of the individual species such as, CH,, C,H,, C,H,, C,H,, C,H,, benzene, etc,: 2) the 
heavy liquid evolution rate and its infrared spectrum with identifiable bands from the functional 
groups; and 3) weight of the non-volatile material (residue). An analysis of C,H,N and S in the 
residue at the end of the pyrolysis experiment can be obtained by introducing oxygen to burn the 
residue and analyzing the combustion products. 

P 

SamDlQ 

Phenol-Formaldehyde (P-F) resins are products of the condensation of phenols with aldehydes 
(usually formaldehyde) and represent an important group of thermosetting resins. The synthesis 
procedure for P-F resins is illustrated in Fig. 1 a, along with a representative structure. The structure 
used in the simulation of P-F behavior in the FG-DVC model is shown in Fig. 1 b. 

These resins are classified in two basic types: novolaks (produced with acid catalysts and an excess 
of phenol) and bakelites or resols (produced with basic catalysts and an excess of aldehyde). 
Novalaks are linear polymers with molecular weights of 1000-1500 amu. These are not 
crosslinked and are fusible and soluble. Conversely, bakelites have short chains and are highly 
crosslinked insoluble resins. An advantage to working with bakelites is that, by adjusting the ratio 
of phenol to formaldehyde, non-linear polymers with different degrees of crosslinking can be 
obtained. 

The sample of phenol-formaldehyde resin used in the current study was a bakelite and was obtained 
from Professor Eric Suuberg of Brown University. It was synthesized using NH,OH catalyst, with a 
formaldehyde-to-phenol ratio of 4.33. The curing procedure was done in three stages: a) 2 hours 
at 60'C in vacuum: b) 12 hours at l2O'C in vacuum: c) 2 hours at 300'C in helium. 

Analvslg 

The FG-DVC model inputs require information from elemental, FIMS, solvent swelling/extraction and 
TG-FTIR, as shown in Fig. 2. The P-F resin was subjected to elemental analysis at Huffman 
Laboratories (Golden, CO). The results on a daf basis were C: 76.6. H: 5.5, 0: 17.8, N: 0.1. 

A sample of the P-F resin was sent for analysis in the Field Ionization Mass Spectrometer (FIMS) 
apparatus at Stanford Research Institute (30). The Field Ionization induces little fragmentation and 
so provides a determination of the sample's molecular weight. The FIMS analysis is done by a 
programmed pyrolysis of the material into the inlet of the mass spectrometer (held at vacuum). The 
mass spectra are taken at regular intervals so that the evolution of individual compounds can be 
tracked as a function of temperature. The FlMS technique provides detailed insight into the tar 
formation (and indirectly the char formation) processes. The formation of tar is key to the prediction 
of polymer combustion properties since it impacts the ignition, soot formation, smoke formation, and 
char formation. 

The sample of P-F resin was extracted with pyridine at the boiling point to obtain the amount and 
composition of the extract. A portion of the dried, extracted solids was also swelled in pyridine in 
order to determine the volumetric swelling ratio (VSR). This solvent swelling measurement was 
carried out according to the method of Green, Kovac and Larsen (31,32). The value of the VSR can 
be used in the FG-DVC model to determine the starting value of the molecular weight between 
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crosslinks. However, this requires an assumption of the monomer molecular weight. It is more 
convenient to use the pyridine extractables amount which is determined from the same experiment. 

RESULTS 

Pyrolysis experiments were performed on the P-F sample using the TG-FTIR apparatus (1 1-13) over 
a range of heating rates (3-1OO'C/min). Figure 3a illustrates the weight loss, the sum of the evolved 
products, and the temperature histoly for a 20 mg sample taken on a 30'C/min temperature 
excursion, first to 15O'C to dry for four minutes and then to 9OO'C for pyrolysis. 

During the excursion, infrared spectra are obtained once every 41 s. The spectra show absorption 
bands for CO, CO,, CH,, H,O, SO,, COS, C,H,, and NH,: The spectra above 250'C also show 
aliphatic, aromatic, hydroxyl, carbonyl, and ether bands from tar. The evolution of gases derived 
from the IR absorbance spectra are obtained by a quantitative analysis program that employs a 
database of integration regions and calibration spectra for different compounds (1 1-13). Figure 3b 
through 3f illustrate the evolution rates and integrated amounts evolved for H,O, tars, CO,, CH,, and 
CO respectively. Because the data are quantitative, the sum of the evolved products matches the 
weight loss as determined by the TGA balance. 

Pyrolysis of phenol formaldehyde resin in the TG-FTIR apparatus led to the formation of tar, CO, CO,, 
CH,, and H 0 as illustrated in Fig. 3. The product mix and evolution profiles are consistent with 
previous stGdies on the thermal degradation of this material (14-24). CO evolved in two distinct 
peaks, one before tar evolution (450'C at 30'C/min), the other after tar evolution (620'C at 
3O'C/min). The CO, evolution rate peaked at approximately the same temperature as the first CO 
peak, while the CH, evolution rate was a maximum at roughly the same temperature as the second 
CO peak. Water evolution occurred at the same time as tar evolution for all heating rates. A 
composite species evolution plot from the TG-FTIR analysis of phenol formaldehyde at 3O'C/min is 
shown in Fig. 4a. 

The overall pyrolysis behavior of phenol formaldehyde is very similar to that of Wyodak 
subbituminous coal. The elemental compositions of these materials are similar although the bridging 
groups between the aromatic rings are different. A composite species evolution plot from the T G  
FTlR analysis of Wyodak coal is shown in Fig. 4b. .In both cases, there is a CO, peak prior to tar 
evolution, a CH, peak following tar evolution, and a water peak at the same temperature as tar. The 
amount of tar is also comparable: about 12% for phenol formaldehyde and 9% for Wyodak. The 
only significant difference between the gas evolution of the two samples is for CO, since all of the 
CO evolves after the tar peak for Wyodak while there is an early peak before tar evolution in the case 
of phenol formaldehyde. The similarity of the evolution profiles and the char yields for the two 
materials provides support for the idea of using a model developed for coal (FG-DVC) to describe 
a synthetic polymer (P-F). Of course, it is also true that the similarity in the product yields does not 
guarantee that the decomposition mechanisms are the same. However, the model has the flexibility 
to incorporate these different mechanisms, as discussed below. 

MODELING 

The FG-DVC model was originally developed based on a polymeric representative of coal which is 
aromatic clusters connected by weak (ethylene) bridges and which also include functional groups 
such as carboxyl or methoxy which promote crosslinking and/or lead to gas evolution. The 
depolymerization occurs by random, homolytic cleavage of the weak bridges (8-10). 

Phenol-formaldehyde resin is also a charring polymer which decgmposes by random degradation 
with crosslinking. The system does not produce many volatile products, and there is formation of 
char after complex crosslinking reactions. It is the nature of the depolymerization and crosslinking 
reactions which is different for P-F resin than for coal. 

Model lmalementatlon 

The implementation of the FG-DVC model for a specific polymer system requires the specification 
of Several parameters, some of which are constrained by the known polymer structure and some of 

666 



which are constrained by experimental characterization data. A flow diagram of the model inputs and 
Outputs is given in Fig. 2. The basic idea is to validate the model using simple small scale 
experiments like TG-FTIR, FIMS, solvent swelling, and elemental analysis and then use the model 
10 make predictions for conditions where experimental data are not readily available such as at high 
heating rates. This approach has been highly successful in using the FG-DVC model to make 
predictions for pyrolysis of coal under combustion conditions at high heating rates using a model 
that was validated using low heating rate TG-FTIR and fluidity data (33). 

NefworJrPobfmers - First, the polymer network has be to defined. This requires specification of the 
following parameters: monomer units and subunits, the types of bridges and the fraction of 
breakable vs. unbreakable bridges, the number and type of peripheral groups, and number of initial 
crosslinks (unbreakable linkages at branch points in the polymer chains). Since synthetic polymers 
usually have a regular and repetitive structure, they can often be represented in the model by 
monomers (a monomer being the smallest repetitive unit) linked by a single type of bridge. 
Depending on their complexity, monomers can be described as being composed of submonomers 
of different types, which are linked together by either labile (breakable) or unbreakable bridges. The 
reason for including submonomers is to describe more accurately the structure. 

In the case of polymer resins like phenol formaldehyde, the structure is not necessarily a unit which 
repeats over a short length scale as shown in Fig. la. Consequently, some average structures 
must be written (as shown in Fig. 1 b). This is even more true in the case of coal where the repeating 
unit is purely a statistical quantity. 

Once the monomer units and subunits have been established, the parameters of the network are 
then defined through the mass of monomers, submonomers, labile bridges, and unbreakable 
bridges. Once' the polymer network has been specified, the next step is to specify the 
depolymerization reactions, crosslinking reactions, and gas forming reactions. This is done based 
on the known polymer structure and literature work. 

Depo/ymeMlion Reactions - Phenol-formaldehyde is an example of a polymer constructed by 
joining aromatic units with labile (methylene) bridges. Usually, single atom bridges between aromatic 
rings are not very labile. However, the ortho situated hydroxyl group activates the decomposition 
of the methylene linkage due to a keto-enol tautomerism (34). 

The depolymerization process, done by breaking labile bridges, can be performed with hydrogen 
abstraction from either other labile bridges, if those can give hydrogen, or other possible hydrogen 
donor species in the polymer, such as the aromatic rings. In the latter case, all the bridges can be 
broken, while in the former case, only part of them are actually broken. The choice of 
depolymerization process is based on the hydrogen availability in the polymer. Currently, the model 
does not include hydrogen transfer along the chain since this is not usually important for aromatic 
polymers. The weight of the evidence from the literature suggests that, for the depolymerization of 
phenol-formaldehyde, hydrogen donation occurs from other methylene bridges (1 4-24). 

CIoSsrinking Reactions - In the case of charring polymers, an important reaction to model is the 
crosslinking of the polymer. In the version of the FG-DVC model used for coal, crosslinking reactions 
are related to gas evolution, in particular CO, and CH, (8,9,35). It seems obvious that, in the case 
of polymers, these gases might also be related to crosslinking events, along with other gases as well. 
As discussed above, phenol formaldehyde has a behavior very close to coal. The same types of 
gases evolve (CO,, CH,, CO, H,O) and the total weight loss is comparable to coal's weight loss. 
However, the most probable crosslinking reaction in phenol formaldehyde involves H,O evolution (16) 
as discussed below and in Ref. 36. The crosslinking efficiency, i.e., the number of crosslinks 
Introduced per mole of gas evolved, is an adjustable parameter of the model. 

In the case of phenol formaldehyde, one of the possible crosslinking reactions involves elimination 
of a labile bridge at the crosslink site. 

. 
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In our nomenclature, we reserve the term crosslinks to refer to bonds which cannot be broken during 
the preliminary pyrolysis stages (< 600*C) such as C-C aryl linkages. For example, the methylene 
linkages between the phenolic groups in phenol-formaldehyde would not be considered crosslinks 
in our model because these can be broken at relatively low temperatures because of the activating 
mechanism of the ortho situated hydroxyl groups, discussed above. Conversely, the formation of 
an ether link by the reaction of two hydroxyls (discussed below) may act as a crosslink under primary 
pyrolysis conditions because the reaction also removes this activating mechanism. 

The difference between crosslinks and unbreakable bonds in the model is as follows: crosslinks 
are unbreakable bonds which act a branch points (divergence of two chains) while unbreakable 
bonds are pari of a linear chain. This distinction is made in Fig. t b where examples of a crosslink 
(X.L.) and hardbond (H.B.) are shown. 

Gas €vo/ution - For aromatic polymers, the gas evolution occurs from decomposition of peripheral 
groups Including bridge structures. In the FG-DVC model, these groups are distributed based on 
the known polymer composition using a mixture of functional group sources (6,7). This is the 'FG' 
part of the model. The specific mechanisms of gas evolution have not been input into the model with 
the same level of detail as the char and tar formation (treated in the 'DVC' part of the model). It has 
been found that the absence of detailed gas formation mechanisms has not prevented us from 
accurately predicting gas formation from coal over a wide range of heating rates (O.O5*C/s - 
20,OOO'C-s) (9,33). It is expected the same will be true of phenol-formaldehyde, although we do 
not'yet have the high heating rate data to verify this assumption. 

f3perimntal Inputs - The next step in setting up the model is to use experimental data to further 
constrain the model. This is shown schematically in Fig. 2. For polymers, with a regular repeating 
structure, there are obviously no adjustments required to match the elemental analysis data. 
However, for polymers with an irregular repeating structure, like phenol formaldehyde, the peripheral 
groups and bridge structures are distributed statistically and must be in agreement with known 
structures based on FT-IR and elemental analysis data. 

A second experimental input required for polymers which have an indefinite structure is the number 
Of starting crosslinks. This can be based on either the volumetric swelling ratio or the pyridine 
extractables as discussed above. 

Simulations of Phenol-Formaldehvde Pvrolvsis 

A literature review showed that several reactions involving water elimination might lead to the 
formation of crosslinks. The fact that we observe in the TG-FTIR analysis a water peak at 200-3OO'C 
(see Fig. 3b) (which is a temperature range too high for moisture) might indicate that crosslinking 
reactions have occurred during low temperature pyrolysis. Reaction 2 is a curing reaction which 
occurs at low temperature and forms water. 
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OH 
(Rxn 2) 

However, a methylene bridge formed ortho to a hydroxyl group would not act as a crosslink under 
primary pyrolysis conditions. Reaction 1 (see above) is a possible pathway to produce crosslinks 
at low temperatures (16). Reaction 3 is also thought to occur at relatively low temperatures, although 
the extent of the reaction and its temperature range are subject to debate between researchers. 

An ether linkage formed in this manner could act as a crosslink under primary pyrolysis conditions. 

Since several reactions can lead to the production of water, it is not likely that every water molecule 
evolved corresponds to a crosslink. Different test cases showed that a value of 0.5 for the 
crosslinking efficiency of H,O seem; to be the best choice. One of the crosslinking reactions 
(Reaction 1) takes place between the -OH of a phenol and a methylene bridge, thus removing a 
labile bridge. To take this into account, we also included in the model, for every new crosslink 
formed, a reaction transforming a labile bridge next to the crosslink into an unbreakable bridge. 
Since it was not known a prim. if Reaction 1 is the important pathway for crosslinking, simulations 
were done with this reaction and also with Reaction 3 as the main crosslinking reaction. 

The network parameters (amount of available hydrogen, initial crosslink density, and starting oligomer 
length) were chosen to match the experimental value of pyridine extractables (0.8%) and the amount 
of tar from TG-FTIR experiments (12%). Although we did not make any fluidity (inverse viscosity) 
measurements on phenol formaldehyde, the network parameters were input into the fluidity model 
and the predictions are consistent with the fact that no melting was observed during pyrolysis of this 
material at low heating rates. 

Two sets of assumptions were used in the pyrolysis simulations of phenol-formaldehyde. These 
assumptions are summarized in Table 1 as Case 1 and Case 2. 

TABLE 1 

SUMMARY OF ASSUMPTIONS USED IN PHENOL-FORMALDEHYDE 
PYROLYSIS SIMULATIONS 

Number of Number of Crosslinking 
Hard Bonds lnitlal Crossllnks Reaction 

Case 1 0 320 1 

Case 2 600 320 3 
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For the first case, we considered that relatively few hard bonds were present in the original resin, 
since there is probably no condensation yet. A significant number of starting crosslinks was also 
necessary in order to have a 3-dimensional network, and also to limit vaporization of dimers, trimers, 
etc., since these are not present in the FlMS spectra (36). While there are no real crosslinks in the 
original phenol-formaldehyde structure (see Fig. la), these must be introduced during the curing 
process, perhaps by Reaction 1, since the curing is done up to relatively high temperatures (300.C). 
Having included the reaction transforming a labile bridge into unbreakable bridges when a crosslink 
is formed, we found that no initial hard bonds and approximately one branch point for every three 
monomers gave the best fit to the TG-FTIR data (see Figs. 5 and 6 and Table 1). The solid lines in 
Figs. 3 and 6 are the FG-DVC model predictions while the experimental data are represented as 
symbols connected by lines. Using an alternative crosslinking reaction (Reaction 3), more initial hard 
bonds (approximately one for every four bridges) were necessary, keeping the same crosslink 
density. This is Case 2 in Table 1. This rather high value of hard bonds (while we expect few 
original bonds) might indicate that there is a process of consumption of labile bridges in the polymer 
during curing or in the early stages of pyrolysis, since these would not be expected in the original 
structure. In both of these two cases, a narrow range in the network parameters was found to glve 
the best W. When either set of parameters was used in the model, the main features of the tar FlMS 
spectra were simulated (36). 

The kinetic parameters for gases and tar were selected by fitting TG-FTIR evolution curves for 
different heating rates. The tar evolution was found to conespond to an activation energy of 51.4 
kcal, which is very close to activation energies found in the case of coals (8-10). The overall rate is, 
however, lower than that for coals since the tar peak for phenol formaldehyde occurs at higher 
temperatures. A comparison of the product evolution data with the model predictions is given for 
two different heating rates in Figs. 5 and 6. Excellent agreement was obtained. Similar results were 
obtained for the Case 2 parameters. The gas predictions are not very sensitive to the choice of 
network parameters while the tar and char yields are sensitive. Case 1 is thought to be more realistic 
since it does not require the assumption of a large amount of starting hard bonds. Additional 
analysis of the cured P-F resin, such as by solid state C13-NMR, would be required in order to 
definately rule out Case 2. 

Once the model has been fully validated, it can be used to make predictions for a different range 
of network parameters or a different range of experimental conditions. An example of this is shown 
in Fig. 7 where the effect of changing the starting number of crosslinks on the predictions for weight 
loss, tar evolution rate, and tar molecular weight distributions (MWD) are shown. The model predicts 
the correct trend in the change in the tar molecular weight distribution, tar yield, and weight loss with 
increasing initial crosslink density based on the results that have been obtained for coal (35). 

CONCLUSIONS . 

The main conclusions from this effort can be summarized as follows: 1) The TG-FTIR method can 
provide information on several aspects of polymer thermal decomposition behavior including kinetics 
and degradation mechanisms; 2) The FG-DVC model can be generalized to predict kinetics, product 
evolution, tar yields, and tar molecular weight distributions for phenol formaldehyde and other 
charring polymers over a wide range of conditions; 3) The key inputs required to model the 
decomposition of a charring polymer are the network parameters, depolymerization reactions, 
crosslinking reactions, and gas formation reactions; 4) The choice between two alternative 
crosslinking reactions may lead to a different choice of network parameters. 
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ABSTRACT 

The thermal reactivity of l,%diphenylpropane is relevant to the stability of a broad class of polymers which 
are made using bisphenol A. Consequently, the pyrolysis of 2,2-diphenyl propane and Ccumyl phenol, its analog 
containing a hydroxy substituent, have been studied a t  450 and 500°C. 2,Z-DPP is observed to react to 1,l- 
dipbenylethane, 1,l-diphenylethylene, toluene, ethylbenzene, Zphenyl propene diphenylmetbane, benzene and 
cumene. CCumyl phenol reacts to an analogous spectrum of products, but at faster reaction rates indicating 
activation by the hydroxy guhstituent. A free-radical mechanism consistent with experimental results has been 
proposed herein together with the associated rate parameters for elementary steps. 

I N T R O D U C T I O N  

Polymer thermal stability is important for purposes of recycling and in regards to degradation during end-use 
applications and high temperature processing. A broad class of these polymers (e&, polycarbonate, polysulfone, 
polyarylate, polyetherimide) are prepared using hispbenol A, and therefore the thermal reaction of materials 
containing this moiety are of interest. 

This reactivity can be probed directly in experiments with the polymeric materials themselves. Theseex- 
periments can provide much relevant but system-specific information. A second, complementary approach w in 
experiments using pure component, model compounds, which provide a great deal of fundamental information 
about the reaction pathways, kinetics and mechanisms. This information can be used in the prediction of the 
reaction of polymeric materials beyond the range of experiments with the actual polymers. 

In this work we follow the second tact to study the reactivity of materials containing the isopropylidene 
linkage. We present results of pyrolysis experiments of 2,2-diphenylpropane [2,2-DPP] and its hydroxy substituted 
analog, 4-cumyl phenol [CCP]. 

The 'reaction pathways and kinetics of 2,2-diphenylpropane have not been thoroughly studied. Previous 
experimental work [I] indicates the bond homolysis activation energy as E.=65.7 kcal/mol and logl,pi=15.7. 
Pryor, Gleicher and Church [2] studied ring ozonation of 2,Z-DPP at 25OC. Duty, Geier and Harwood [3] demon- 
strated resistance of 2,2-DDP to oxidation by dichromate when reacted in an aqueous solution a t  250°C and 
18 hrs. Schanne and Haenel [4] used potassium to cleave the phenyl ring to form benzene and Zphenylpropane 
by what they propae  to be a radical ion mechanism. Golden [5] irradiated 2,2-DPP at 1000 megarads using 
electron beam radiation. The  reaction products were primarily methane and hydrogen, with little CO, COz and 
hydrocarbon gases found. 

Herein we extend this previous literature through more comprehensive study of the reaction pathways, 
kinetics and mechanism for the pyrolysis of 2,2-diphenylpropane and 4-cumyl phenol. 

E X P E R I M E N T A L  S E C T I O N  

W D P P  and 4-cumyl phenol were pyrolysed a t  45OoC and 500°C for batch holding times of 2-120 min. 
Initial concentrations were nominally 60 mM. 

I 

' Amoco Performance Products, Inc., Research & Development Center, 4500 McGinnis Ferry Rd., Alpharetta, 
GA 30202-3944 
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Materials 

2,Z-DPP was obtained from Aldrich and subsequently distilled and collected at  113-117°C and 3 mm Hg. 
4-Cumyl phenol was obtained from Aldrich and recrystallized before use. Dibenzyl ether, used as an external 
standard for GC analysis, was obtained from Aldrich. Gold band ampules (Wheaton) were used to fabricate 
batch reaction vessels. 

P r o c e d u r e  

The  reactors were loaded by weight with a typical charge of 25 mg of reactant. One reactor was prepared for 
each desired reaction time, The  ampules were purged with argon to avoid oxidation and then immediately sealed 
using a propane/02 flame. These reactions were then immersed into a constant-temperature, fluidized sand bath 
(Techne) for the desired reaction time. The reaction was quenched by immersion in a cold, room-temperature 
fluidized sand bath. Reactors were checked for leaks by weighing both before and after reaction. 

Reactant conversion and product yields were quantified by use of the external standard, dibenzyl ether, 
added to the reaction mixture after reaction. All materials were then recovered in methylene chloride. Analysis 
was performed by GC (Hewlett-Packard 5880) equipped with an  FID to quantify yields and GC/MSD (Bewlett- 
Packard 5890 GC/H-P 5970 MSD) t o  identify products. 

RESULTS AND DISCUSSION 

2,2-Diphenylpropane pyrolysis at  450'C was a t  holding times ranging from 2.0-120.0 minutes; reaction 
at  50OoC was for holding times ranging from 5-60 min. The  detailed product spectrum, shown in Table 1 
as product molar yields vs. time, includes benzene, toluene, ethylbenzene, styrene, cnmene, 2-phenylpropene, 
1,l-diphenylethane, 1,l-diphenyletheue and diphenylmethane. At 450°C, a 32% conversion of 2,2-DPP was ob- 
served a t  120 &, where the products in most significant yields were 1,l-diphenylethane and 1,l-diphenylethene, 
followed by benzene, toluene and ethyl benzene. 

The  Delplot technique [SI is a data analysis approach which reveals reaction path information allowing 
discrimination between primary, secondary and higher order products. For example, in a first-rank Delplot, 
product selectivity (yield/conversion) is examined as a function of conversion. In extrapolation t o  zero conversion, 
primary products have finite y-intercepts, while that  for higher order products goes to zero. In a second-rank 
Delplot (yield/conversion2 vs. conversion), primary products diverge as x -+ 0, while secondary products have 
finite intercepts. 

First-rank Delplots for 2,Z-DPP pyrolysis a t  450°C indicate that all products except diphenylmethane, 
toluene, ethyl benzene and styrene were clearly primary. Delplots for 2,2-DPP pyrolysis at  500°C suggest all 
products but diphenylmethane t o  be primary. This may indicate that at 50OoC the intermediates that  lead to 
toluene, ethyl benzene and styrene may be very short lived. 

CCumyl phenol was pyrolysed a t  both 450 and 5OO0C to final holding times of 101 and 60 min, respectively. 
Table 2 summarizes the reaction products, namely benzene, toluene, ethyl benzene, cnmene, phenol, 2-phenyl 
propene, methylpropyl benzene, 4-methyl phenol, 4-ethyl phenol, Chydroxy diphenylmethane, 4-bydroxy-( 1,l- 
diphenylethane) and Chydroxy-(1,l-diphenyletbene). These are analogous to the products observed from 2 3  
DPP pyrolysis. Chydroxy diphenylethane and Chydroxy diphenylethene were observed in the highest yields, with 
relatively large amounts of phenol. The first-rank Delplots for 4-cumyl phenol pyrolysis at 50OoC suggest most 
products t o  be primary with the exception of methylpropyl benzene, 4-ethyl phenol and hydroxydiphenylmethane. 

The  foregoing information suggests the 2,2-DPP and 4-CP pyrolysis pathways t o  be straightforward. Pri- 
mary pyrolysis provides most of the products, with secondary reactions accounting for only dipbenylmethane 
(for 22-DPP) and methylpropyl benzene, 4-ethyl phenol, and hydroxy diphenylmethane (for CCP) .  Pseudwfirst- 
order rate constants for the reaction of both 2,2-DPP and 4-cumyl phenol to their primary products are shown 
in Table 3. The suggested Arrhenius parameters (two temperatures only) for primary 2,Z-DPP pyrolysis are also 
listed in Table 3. 4-Cumyl phenol pyrolysis was much faster than that of 2,Z-DPP. For example, for reaction 
at  50OoC and 60 min, the Ccumyl pheno1,conversion was 93%, whereas only 80% conversion was observed for 
2,Z-DPP. 

A set of elementary steps consistent with the observed product spectra is shown in Figure 1. For 2,2- 
DPP, initiation by unimolecular decomposition can proceed through fission of two different bonds, leading to 
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the production of either methyl and diphenyl ethyl radicals (which subsequently become methane and 1,l- 
diphenylethane following hydrogen abstraction) or to phenyl and isopropyl benzene radicals (similarly leading to 
benzene and cumene). The former is expected to be more facile since the controlling bond dissociation energy is 
-66 kcal/mol, 14 kcal/mol lower than that of -80 kcal/rnol for the latter. Propagation is by hydrogen abstraction 
by any radical from 2,2-DPP. The thus-derived 2,2-DPP radical has two 0-scission pathways available. One leads 
to a methyl radical and diphenylethene and has a lower heat of reaction than the second, leading to a phenyl 
radical and 2-phenyl propene. A thermodynamically favorable phenyl shift can ultimately lead to toluene and 
ethyl benzene. Termination is by combination of any two radicals. An analogous set of steps could lead to the 
observed 4-CP products. 

In summary, the structure and thus-derived thermochemical properties of 2,2-DPP and 4 C P  control their 
pyrolysis activity. No evidence for a significant kinetic chain was found. The main products all appear to be 
primary and are explained nicely by elementary steps in strict accord with thermochemical estimates. 
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Figure 1 
Elementary Steps for Reaction of 2 , 2  - DPP 
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ABSTRACT 
Incineration and thermal conversion of municipal solid waste are receiving considerable attention from 
both a political and scientific viewpoint. Polymers are present, both natural and manmade, representing 
about 80 weight % of the waste. Little quantitative reaction data is available and potential pollution 
problems have been identified when the polymeric mixtures contain chlorine and are reacted or 
incinerated at high temperature. The purpose of this work is to provide a quantitative basis for the 
engineering design of reactors to recover hydrocarbons from this waste. We have performed 
experiments under controlled conditions on a reasonably well-characterized "model" for municipal solid 
waste, that is, commercially available densified refuse-derived fuel (d-RDF), made by sorting, drying 
and compressing municipal solid waste. The resulting relatively uniform composition and density 
pellets have, however, low thermal conductivity, making the apparent reaction rate limited by the local 
heat transfer rate. This pyrolysis study employs single, "macro"-particle experiments where particle 
non-isothermality can be measured and its effect on product slate can be understood. A variety of 
polymeric substrates as well as commercial RDF have been heated under well-controlled conditions 
spanning those of industrial importance. The devolatilization behavior, such as time-temperature 
history and evolved gas composition, has been measured in detail. The results have been used to 
develop correlations applicable to reactor design and pollution control. Specialized statistical methods 
are used to quantify the conmbution of a single mixture constituent to pyrolysis behavior. Conclusions 
from the experiments have aided in the development of a mathematical model of the devolatilization 
process and have increased our understanding of the role of reactant composition, as well as particle 
mass and heat transfer, during gasification and combustion. 

INTRODUCIlON 
The ongoing work described in this preprint is a portion of a study (1) of the transport rates and 
chemical reaction behavior during thermal conversion of a particular form of muncipal solid waste 
(MSW), namely densified refuse-derived fuel (d-RDF). It is made commercially by removing 
recyclables and non-combustibles, drying and compressing the remaining mixture (manmade and 
natural polymers as well as other materials) into pellets of relatively uniform si% and density (-1-2 cm 
diameter, 2-3 cm long cylinders, specific gravity between 1 and 2). The resulting material is 
considerably more compact, has approximately the heating value of coal, and can be economically 
transported to a central site for thermal conversion. It is envisaged that this central site could then be 
expected to have a larger, more advanced design thermal conversion process with potentially the 
flexibility to optimize certain products, and cenainly the capability of pollution control and monitoring. 

While some work has been performed on d-RDF and MSW (1-3), it remains to be determined what 
reaction conditions optimize particular products, what are the effects of pellet moisture, size and 
density on conversion rate and products, and in particular, what changes in the waste stream polymeric 
mixture result in desirable or undesirable pyrolysis products. Reactor design will require 
devolatilization kinetics data on the d-RDF constituents, and a knowledge of whether constituents co- 
react when confined to the interior of the relatively non-porous particle of d-RDF, or whether the 
constituents react independently. By studying the behavior of single particles as in other studies (4), 
we can direct the efforts in mathematical modeling of the pellet behavior, provide a basis for judging 
adequate kinetic models, and make suggestions regarding appropriate reactor configurations. 

EXPERIMENTAL ASPECTS 
The experimental apparatus consists of a single particle reactor which allows determination of particle 
temperature and gas evolution history, heat transfer rates, and total product analysis. It is described 
elsewhere (1,5). The d-RDF compositions studied span the range found in practice (Table 1) as 
interpreted by the standard deviation of the 10 composition studies available in the recent literature. To 
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understand the role of composition, laboratory-fabricated pellets as well as commercial pellets are 
studied under the well-controlled reaction conditions likely to occur in industrial practice pable 2). 

As in other studies where sample size must remain constant while composition is changed, in this study 
the weight fractions of waste constituents sum to unity, making the composition variables correlated 
and the interpretation of results ambiguous unless special experimental designs and biased regression 
methods are employed. Consider a 1 gram sample of say 4 equal concentration components (25% by 
weight). Its reaction behavior is to be compared to another 1 gram sample (so sample temperature 
history remains constant) with a different composition. In the second sample, it is desired to determine 
the pyrolysis product slate change when one of the constituents is reduced to say 10% by weight. 
Owing to the constant sample size, this change necessitates that one of the other constituents make up 
the remaining 15%. Changes in behavior cannot be unambiguously atmbuted to a reduction in the 
former, but rather to either a reduction in the former or increase in the latter constituent. This difficulty 
is lessened when one constituent predominates as in the case of paper-like components of MSW. In 
Table 1 it can be seen that components 1-4.7, and perhaps 6 can be approximated by paper such as 
newsprint with a lignin content close to that of native wood . Daugherty et al. (6) have studied the 
stability of d-RDF with respect to biological degradation and long term integrity of the pellets. They 
found a well-behaved d-RDF pellet can be made when Ca(0H)z is used as a binder comprising 
approximately 1-8% by weight. The binder is similar to the inorganic material that accompanies the 
combustible fraction in actual MSW. For a number of reasons (l), we were able to justify reducing the 
composition classes in d-RDF to four: paper as exemplified by newsprint, plastics as equal fractions 
PVC and polyethylene, non-combustibles as exemplified by metal and glass, and inorganic substances 
as exemplified by binder. The ranges over which these four components were varied are shown in 
Table 2. The combination of compositions and reaction conditions actually run in our experimental 
program was a special mixture design (1,7), and ridge regression as well as other biased regression 
methods were used to calculate the effects of composition changes. 

The procedure consists of heating the sample one-dimensionally with a constant radiative heat flux for a 
fixed pyrolysis time of 12 min. The constant heating time can be rationalized as analogous to the 
constant time-at-temperature (residence time) a particle experiences in a moving bed reactor. Particle 
size is varied as are initial particle moisture, composition, and the intensity of the heat flux, all in 
systematic combinations dictated by the experimental design (1.7). During the pyrolysis, time- 
temperature profiles are measured at several depths (Fig. 1) and gas evolution rate and composition are 
also measured as functions of time (Fig. 2). Hydrocarbons are measured as well though only carbon 
oxides and total gas yield are shown in Fig. 2. The overall pyrolysis product yields are measured as 
integrated batch yields as well; Table 3 reports typical yields of interest for this paper. In addition, 
though not the subject of this paper, tar composition is measured in detail as are char surface area and 
composition by FTIR. To narrow the focus, this paper will concentrate on the composition history of 
the gases since it is seen to be an indicator of the pyrolysis chemisuy occuring in the large, non-uniform 
temperature particle. The gas composition is measured semi-continuously using a computer controlled 
automatic sampling valve and a gas chromatograph. 

RESULTS 
The d-RDF pellets were pyrolyzed and the time-temperature histories (at 2, 6 and 9 mm into the 
particle) and gas flux histories are shown in Figs. 1 and 2 respectively. A temperature plateau at about 
100°C can be seen to occur at interior thermocouple locations owing to the constant temperature 
evaporation of water as the heating front passes. The gases are released (Fig. 2) with the peak in the 
rate controlled by the heating rate applied at the surface, as well as the size and moisture content of the 
panicle. Using data similar to Fig. 2, this paper will present a limited discussion on the comparison of 
pyrolysis behavior between d-RDF samples with high and low fractions of plastics. 

Direct comparisons will be presented in which the only difference between 2 experiments is the fraction 
of plastics (the remainder being made up by paper (newsprint)). In these, it is useful to subrract the 
yields, or subtract the gas flux histories and report the difference as a function of time. That is, the data 
analogous to Fig. 2 for an experiment with low fraction plastics are subuacted from the data resulting 
when a high fraction plastics pellet is pyrolyzed. The fracrional difference provides perhaps more 
insight when concenirations are small as in our pyrolyses, and this is shown in Figs. 3 and 4 for carbon 
oxides and hydrocarbons respectively (the low plastics result is the reference or denominator). Thus 
Figs. 3 and 4 report fractional difference in gas composition as a function of pyrolysis (reaction) time 
for the cases of high and low plastics content in d-RDF. It is important to keep in mind the sample-to- 
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sample variation expected in such a heterogeneous reactant and we have studied this by replicate 
experiments. For replicates, the difference between measured gas concentrations expressed as a 
fraction of one of them is less than approximately two-fold over the entire time interval; thus fractional 
concentration variations greater than 3 in Figs. 3 and 4 represent probable composition effects in the 
pyrolysis behavior. It can be seen that the hydrocarbons, especially C2H4 and CH4, appear to be 
sensitive to the concentration of plastics. This is to be expected judging from the thermal degradation 
products measured for polymers (8-16). 

The time-dependent pyrolysis behavior is to likely represent data with a high degree of noise or 
uncertainty in them. A more robust measurement, though revealing less kinetic and reaction 
information, is the comparison of overall (time-integrated) yields from a plastics-rich compared to a 
plastics-poor sample of d-RDF. In Table 4 are presented three direct comparisons of overall yields, and 
as before, the pyrolysis component concentrations in the product gas are subtracted for the two cases, 
and the result expressed as a fractional difference. The three direct comparisons represent different 
values of other experimental conditions. It can be seen in Table 3 that even replicate d-RDF (laboratory 
fabricated) pyrolyses exhibit variations in measured product concentrations of about 20%. Thus only 
differences in overall yields exceeding 25-3070 in columns 5.9, and 13 (Table 4) can be interpreted as 
actual composition effects attributable to the high plastics content. This high a difference is observed 
for all gases except C@, and in some cases such as ethylene, the difference is over a 200% increase in 
yield in the product. 

DISCUSSION 
The composition effects presented here are direct comparison experiments, that is, only one pair of 
compositions is varied at a time. Other data (1) indicate that the magnitude of these enhanced pyrolysis 
product yields is dependent in a complex way on all the other reaction condition variables, namely 
particle size, initial moisture, heating rate experienced, and in particular, on the amount of inorganic 
material (binder) present. It is interesting to note that the experimentation to date, and the regression of 
the results indicate that the d-RDF constituents can be assumed to react independently. Current work is 
focused on mathematical modeling of the independent reactions, prediction of the effect of such a high 
moisture content as is typical of MSW (Table 1) and prediction of the coupled processes of heat 
uansfer and reaction rate in the non-isothermal RDF particle. 

It is well known that thermal degradation of Poly(viny1 chloride) (PVC) releases HCl. Hydrogen 
Chloride generation begins at temperatures as low as 1300C. Up to 99% of the chlorine contained in 
PVC is lost as  HCI, with very little vinyl chloride monomer formed. In inert atmospheres, and at 
temperatures ranging from 160 to 7000C, more than 75 pyrolysis degradation products have been 
identified and they included olefinic hydrocarbons, benzene, toluene, xylenes, ethylbenzenes, 
aliphatic, naphthalenes, and methylated species. Sometimes condensed aromatics such as biphenyl and 
anthracene were also identified (13). Although many products have been identified, the major products 
of PVC pyrolysis were hydrogen chloride gas and benzene. In some cases, chlorinated compounds 
were also identified at higher temperatures; for example, ethylene chloride at 4oooc, chlorobenzene, di- 
and mchlorobenzenes at 500-7000C, and vinyl and ethyl chloride at 5500C (14). For these reasons, 
we believe that HCL should have been produced in our RDF pyrolyses. 

Degradation of polyethylene (PE) under varying oxidative conditions (500 -8ooOC) has also long been 
canied out. The products identified consisting of olefin and n-hydrocarbon with chain lengths of 8 to 
23 carbons, in addition to lower molecular weight species such as acetaldehyde, acrolein and benzene 
(15). It was found that when oxygen in the gas stream was reduced, the amount of carbon dioxide 
product decreased and hydrocarbon production increased (16). These findings are consistent with our 
RDF pyrolyses in that (recall no oxygen is present) few hydrocarbons and relatively more condensible 
volatiles are in the product slates, consistent with the degradation of plastic components. Our carbon 
dioxide concentration is greater than from pure plastic degradation, attributable to the cellulose 
decarboxylation from the paper fraction in RDF. 

Since HCI is highly soluble in water, HCI gas produced from pyrolysis of PVC is believed to be 
napped in the cold tar trap in the form of hydrochloric acid. The nap tar sample collected was analyzed 
for water and low molecular weight tar components such as Methanol, Acetaldehyde, Acetone, and 
Acetic acid, by GC using a Supelco 80/100 mesh Porapak Q column. Using the same column, the 

Comparison to Pyrolysis of Polymers 
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response to HCI was calibrated. Calibration results show that the retention time of HCI is 0.71 minute 
and therefore does not interfere in a major way with any other peak, but that the Porapak Q column is 
not sensitive enough to detect HCl unless it has a concentration of at least 3 . 6 5 ~ 1 0 - ~  &I in our 
sample. Due to this low HCI sensitivity , we detected no HCI in all our pyrolysis product samples. 
The HC1 analysis is currently in progress. 
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MSW Fmction: 
1. Paper 
2. Yard Waste 
3. Food Waste 
4. wood 
5. Plastics 
6. Rubber & leather 
7. Textiles 

Subtotal 
8. Metal 
9. Glass 
10. Misc. Inorganics 

Total 
Moisture Content 

Process 
variables 
Heat flux 

Moisture content 
Particle thickness 
Composition 
variables 
Paper 

Plastics 

MetaVGlass 

Binder 

Table 1 
MSW Composition, wt 46 (Analyses from 10 studies) 

Average standard deviation 

40.1 
13.7 
11.5 
3.1 
4.9 
1.9 
2.1 

77.3 
9.5 
9.9 
32 

100.0 
25.6 

Table 2 

Experimental Conditions Studied 

q 12.6~10- 

MC . 5.0% 
L 1 .o 

4 

XI 0.57 

x2 0.00 

x3 0.05 

x4 0.00 

Fww 

to 

to 
to 

to 

to 

to 

to 

21 .ox 10- 

30.0% 
2.0 

4 

0.95 

0.20 

0.15 

0.08 

6.6 
5.1 
4.1 
1.1 
3.4 
0.9 
0.8 
2.5 
1.7 
1.6 u 
3.1 

Comments 

W/mz 

dry basis 
an 

weight 
fraction 
weight 
fraction 
weight 
fraction 
weight 
fraction 
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Table 3 

Replicate Runs: Reaaion Conditions and Integrated Gas Yields over Pyrolysis Time 

ReDlicates: fractional difference 

Run 24 Run 25 difference of Run 
24 

Xl(PAPER) 0.76 0.76 0 
X2(pLAsTICS) 0.1 0.1 0 
X3(MET&GLASS) 0.1 0.1 0 
X4(Binder) 0.04 0.04 0 
Q ( c ~ / ~ - s )  4 4 0 
MC(%) 17.5 17.5 0 
UCM) 1.5 1.5 0 

GAS(%)2 5.473 
C0(%)2 1.746 
C02(%)2 3.135 

4.454 1.0187 1 9 . v  
1.313 0.4322 25.% 
2.830 0.3044 10.46 

CH4i%j2 0.245 0.183 0.0621 25 .8  
C2H2( %)2 0.012 0.010 0.0017 14.% 
C2H4( %)2 0.058 0.050 0.0081 14 % 
C2H6(%)2 0.053 0.068 -0.015 22z? 

average: 19.0% 

Table 4 

Integrated Gas Yields over Pyrolysis Time for 
Comparison Experiments: High Versus Low Plastics Content 

HGo plastics comparison Hflo plastics comparison HUlo plastics comparison 
for experiments with high for experiments with low for experiments with high 
binder, low metuglass binder, high metaVglass binder, low metauglass 
content, and 2 cm thick content, and 2 cm thick content, and 1 cm thick 

Run Run 18-51 18-51 
18 51 15 1 

XIPA) 0.71 0.82 -0.102 
XXPL) 0.15 0.05 0.102 
X3WBrG) 0.07 0.07 0 
XWr) 0.06 0.06 0 
Q 5 5 0  
MC(%) 5 5 0 
YCM) 2 2 0 

GAS(%)2 6.91 7.83 -0.92 -12.W . 
CO(%)Z 1.62 1.88 -0.26 -14.% 
CO2(%)2 4.63 5.56 -0.93 -17.% 
CH4(%)2 0.31 0.21 0.09 45% 
C2H2(%)20.01 0.01 -0.002 -20.96 
C2H4(%)2 0.16 0.05 0.1 1 238.% 
C2H6(%)20.12 0.09 0.03 30.W 

Run Run 33-21 
33 21 

0.70 0.81 -0.102 
0.1s 0.05 0.102 
0.13 0.13 0 
0.02 0.02 0 

5 5 0  
5 5 0  
2 2 0  

0.70 0.81 -0.102 
0.1s 0.05 0.102 
0.13 0.13 0 
0.02 0.02 0 

5 5 0  
5 5 0  
2 2 0  

5.85 8.42 -258 
1.62 2.61 -1.00 
3.36 5.12 -1.76 
0.20 0.36 -0.17 
0.02 0.02 0.003 
0.05 0.10 -0.05 
0.10 0.07 0.03 

33-21 
RI 

-31.% 
-38.% 
-34.% 
-46.90 
20.96 

- 5 2 %  
37.2 

Run Run 54-55 54-55 
54 55 I5 5 

0.71 0.82 -0.102 
0.15 0.05 0.102 
0.07 0.07 0 
0.06 0.06 0 

5 5 0  
5 5 0  
1 1 0  

10.66 12.27 -1.60 -13.% 
2.36 2.92 -0.56 -19.% 
7.69 8.74 -1.05 -12% 
0.32 0.41 -0.09 -2l.% 
0.02 0.01 0.01 56.% 
0.09 0.09 -0.001 -I.% 
0.18 0.07 0.11 161.2 
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Fig. 1 - Time-Temperature F'rofiles at 3 different depths from the heated surface 
(average composition and reaction conditions, centerpoint of range studied, Run 24, 

conditions shown Table 3) 
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Fig. 2 - Gas Release Histones (Run 24) 
for Experimental Conditions shown in Table 3 
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Fig. 3 - Difference in Carbon Oxide and Total Gas Concentration between two direct comparison 
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(Runs 18 and 51) - Normalized by Concentrations in Run 51 (low plastics content) 
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ABSTRACT 

Polyphenols (tannins) from sorghum grains with a high tannin content were analyzed 
by pyrolysis-gas chromatography-ion trap detector mass spectrometry (PY-GC-MS). 
Pyrolysis at 600 "C produced high relative percentages (around 50%) of catechol (1,2- 
dihydroxybenzene), and minor amounts of other phenolic compounds. Catechol was 
also the main fragment in the pyrogram of catechin (a monomeric unit of tannins). 
The absence of significant levels of catechol in the pyrogram of non-tannin 
polyphenols (such as lignin), and its relative lower abundance in that of low-tannin 
containing sorghum grains suggests the use of catechol as a remarkable characteristic 
fragment for quali- quantitative analysis of tannins by PY-GC-MS. 

INTRODUCTION 

Polyphenols (syn. vegetable tannins) can be divided into two classes, namely 
hydrolizable and condensed or non-hydrolizable tannins. The hydrolizable tannins 
are esters of mainly glucose with hydroxyphenolic acids such as gallic acid. The 
condensed tannins are polymers of flavanoid precursors such as catechin (scheme 1) 
(1). 

Vegetable tannins influence the characteristics of many plant products - their 
taste, palatability, nutritional value, pharmacological and toxic effects, and their 
microbial decomposition - because of their ability to complex strongly with proteins, 
carbohydrates, nucleic acids, alkaloids and minerals (2,3,4). 

Structure elucidation of monomeric and oligomeric (up to 5-6 units) 
procyanidins has been accomplished by 1H- and IJC-NMR (5), and Fast Atom 
Bombardment Mass Spectrometry ( 6 ) .  Classical methods for routine quantitative 
analysis have included colorimetric (7,8) and protein precipitation assays (91, but their 
validity has been questioned (10). 

Tannins have been chromatographed by HPLC (11) and gel permeation (12). Gas 
chromatography (GC) is unfeasible due to their large molecular weight, polarity and 
thermal lability. However, molecules with these chemical features are in principle 
suitable to be degraded by pyrolysis (PY), an effective technique for the study of 
complex, non-volatile samples, which can be integrated with a gas chromatograph- 
mass spectrometer (PY-GC-MS) to provide a rapid analysis of the degradation products, 
and hence the characterization of the original sample. 

This paper reports on the GC-MS analysis of the pyrolysis products of tannins 
isolated by gel permeation from sorghum grain, and of catechin as a reference 
compound. It is anticipated that these preliminary results indicate whether pyrolysis 
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can provide characteristic fragments of diagnostic significance for the recognition of 
the non-volatile tannins by gas chromatography without the need for off-line 
degradation and derivatization or mass spectrometry. 

EXPERIMENTAL 

Extraction and gel permeation. 
A detailed procedure for tannin extraction and purification has been described 

elsewhere (12). Briefly, a 100-g sample of ground sorghum grain was defatted in 
Sohxlet with diethyl ether. The residue was transferred into a dark bottle and extracted 
overnight at +1 "C under rotary shaking with acetone (3x300 ml). The residue was 
extracted under the same conditions with methanol (3x300 ml). The methanolic 
extracts were combined and the solvent was distilled off under vacuum in a rotary 
evaporator ( T  35 "C). A 500-mg aliquot of this crude extract was suspended in 
methanol (7 mL) and the slurry was applied onto a column packed with Sephadex LH 
20 (35x3 cm). The column was eluted at 2 mL/min (detection 340 nm) with 95% 
ethanol (800 mL) to remove some coloured non-phenolic substances, then with 
acetone/water (7/3, 640 mL) to collect the brown polyphenolic fraction retained at the 
top of the column. The acetone/water solvent was evaporated in rotary evaporator 
under reduced pressure (T: 40 "C). The tannin was dried over P205 and stored at - 25 
"C until analysis. 

Pyrolysis-gas chromatography-mass spectrometry (PY-GC-MS). 
About 1 mg of tannin was pyrolyzed using a CDS Pyroprobe 100 equipped with a 

platinum coil probe and a quartz sample holder. Catechin was pyrolyzed by applying 
10 pL of a methanolic solution (10 mg/mL) in the quartz tube. The pyrolyzer was 
interfaced with a GC-MS system consisting of a Varian 3400 gas chromatograph 
coupled to a Finnigan MAT Ion Trap Detector (ITD) model 800 mass spectrometer and 
operating under the following conditions: injector (split 1/120) at  220 OC; SPB-5 
column (30 m x 0.32 mm i.d.) programmed from 50 to 300 O C  at 10 OC/min (He: 1 
mL/min); transfer line at 220 OC; mass spectra recorded at  70 eV under the usual ITD 
software release 4.0 conditions. 

RESULTS AND DISCUSSION 

Two sorghum grain commercial cultivars, i.e. Arval and Argence representative of 
high- and low tannin content, respectively, were used for the present work. According 
to the vanillin test (8), Arval tannin content was 5.30 (expressed as catechin equivalent 
percentage of original sample dry matter) and that of Argence was 0.10. Table 1 collects 
these figures, and the yields of crude extract and tannin after gel permeation expressed 
as percentage of original sample dry matter and crude extract, respectively. 

The total ion chromatograms (TIC) of the Arval and Argence tannin fractions 
after pyrolysis at 600 OC are shown in figures 1 and 2, respectively. Table 2 collects the 
eight most abundant ions in the mass spectra of the main peaks. The identification 
proposed for most of the pyrolysis fragments is reported in table 3. The fragmentation 
under pyrolysis was similar for the two samples, but the quantitative analysis (relative 
percentages) was substantially different (table 3). Catechol (identified by both mass 
spectrometry and injection of pure standard) was the main fragment (55.4%) in the 
pyrogram of Arval tannin (fig. 1, peak no. 24), whereas it was only 4.58% in that of 
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Table 3. Relative percentage and proposed identification of the main pyrolysis peaks in 
the two sorghum tannins Arval and Argence. 

# 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Arval 

9.00 
trace 
0.82 
5.28 
6.47 
5.95 
0.56 
0.34 
0.67 
0.94 
0.20 
1.28 
1.16 
0.33 
0.30 
1.51 
1.09 . 
0.22 
0.51 
0.62 
0.45 
0.17 
0.52 
55.4 
0.10 
7.25 

Argence 

14.15 
trace 

6.88 
17.40 

4.75 
0.94 
0.27 
1.42 
0.15 
0.71 

0.39 
17.69 
0.88 
1.17 
1.80 
3.81 
0.28 
0.36 
2.53 
4.58 
7.06 
1.89 

Compound 

carbon dioxide 
unknown 
acetone 
unknown 
propylacetate 
3-methylfuran 
2-furanol, tetrahydro-2,3-dimethyl 
unknown 
3-furaldehyde 
pyridine 
toluene 
unknown 
unknown 
unknown 
unknown 
phenol 
unknown 
unknown 
4-methylphenol 
guaiacol 
unknown 
unknown 
ethyl phenol 
catechol 
2-e thenylphenol 
dihydroxytoluene 

Scheme 1. Catechin (flavan-3-01). 
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Table 1. Polyphenol estimation using the vanillin test (% of catechin equivalentd 
(CE)), crude extract yield (% of original sample dry matter), and polypheno: 
yield (% of crude exwact). 

CE crude extract polyphenol 

Arval 5.30 2.40 43.0 
Argence 0.10 1.81 3.4 

7 192 116 

9 211 96 
10 231 79 
11 245 92 

8 201 - 

12 251 - 
13 261 - 
14 269 - 
15 406 - 
16 417 94 
17 461 - 
18 492 - 
19 510 108 
20 527 124 
21 559 138 
22 585 - 
23 600 122 
24 631 110 
25 647 120 
26 718 124 

Table 2. Eight-peak mass spectra of the pyrolysis fragments of Arval sorghum tannin. 

## scan MW m/z(%) 

1 142 44 44(100) 45(40) 43 (1) - 
2 147 - 43(100) 41(68) 42(38) 49(38) 4506) 47(33) 48(30) 55(17) 
3 151 58 58(100) 59(45) 42(44) 60(13) 44(12) 57(9) 40(7) 45(5) 
4 155 - 43(100) 59(36) 42(13) 58(10) 41(4) 40(3) 44(3) 60(2) 
5 169 102(0.2) 43(100) 61(25) 45(19) 42(15) 44(4) 41(1) 71(1) 59(1) 
6 177 82 82(100) 53(91) 81(78) 50(43) 51(41) 52(18) 83(14) 54(12) 

43(100) 75(12) 42(11) 57(7) 41(6) 44(6) 45(3) 40(2) 
43(100) 45(58) 
96(100) 95(94) 
52(100) 79(91) 
91(100) 92(50) 
43(100) 85(25) 
55(100) 43(60) 
41(100) 55(76) 
41(100) 53(53) 
94(100) 66(65) 
57(100) 41(99) 
91(100) 45(83) 
107(100) lOS(85) 
109(100) 81(99) 
81(100) 43(40) 
43(100) 55(30) 
107(100) 77(43) 
llO(100) 63(38) 
120(100) 91(97) 
124000) 78(75) 

57(45) 74(34) 42(29) 
53(75) 51(56) 50(48) 
50(66) 43(62) 51(55) 
63(19) 65(18) 43(15) 
lOl(18) lOO(14) 42(10) 
41(55) 83(48) 53(18) 
70(47) 43(36) 42(29) 
96(47) 42(44) 67(44) 
65(38) 63(23) 50(21) 
55(40) 43(39) 56(29) 
77(78) 128(72) 107(61) 
77(58) 79(50) 51(38) 
124(72) 53(54) 51(34) 
41(39) 54(30) 6408)  
42(27) 107(15) 44(14) 
122(34) 41(22) 51(22) 
64(35) 53(30) 81(25) 
69(78) 41(48) 42(42) 
123(50) 51(42) 77(33) 

73(27) 75(23) 41(22) 
43(39) 67(25) 5202) 
80(37) 78(12) 5301) 
41(11) 4500) 50(10) 
45(4) 72(4) 44(3) 
42(17) 99(17) 98(13) 
69(25) 53(18) 56(12) 
55(38) 69(34) 81(34) 
40(17) 51(14) 53(12) 
70(27) 105(21) 83(20) 
108(61) 79(56) 69(50) 
50(31) 53(27) 6303) 
52(33) 50(29) 63(14) 
42(25) 53(20) 138(10) 
51(13) lOl(12) 6902) 
53(17) 79(15) 50(14) 
51(18) 50(17) 8207) 
57(23) 119(23) 73(22) 
67(20) 53(20) 106(18) 
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Argence tannin (fig. 2). In the latter, the main fragment was phenol (peak no. 17, 
17.7%), which accounted for only 1.51% of Arval tannin TIC. Total phenolic content 
was also different in the pyrograms of the two tannins, i.e. 65.91% in Arval and 40.23% 
in Argence. The relative quantities of catechol were consistent with the results of the 
tannin colorimetric assay of the two sorghum cultivars reported in table 1, i.e. high 
percentage of catechol in Arval and low in Argence. In another work (13), it was also 
observed that catechol was present in non-significant amounts in the pyrogram of a 
non-tannin polyphenol such as lignin. The pyrolysis of catechin under the same 
conditions of tannins yielded catechol as the single degradation product (fig. 3). A 
black residue was observed in the quartz sample holder after pyrolysis, probably due to 
some polymerization reactions undergone by the other moiety of the molecule, which 
might explain the lack of other pyrolysis fragments. Increasing the temperature of 
pyrolysis up to 900 "C did not change the fragmentation. The reproducibility of 
triplicate pyrolysis of catechin was good (fig. 4). 

CONCLUSION 

PY-GC-MS analysis of condensed tannins containing catechin-like monomeric units 
shows catechol as main fragment. This compound is of diagnostic significance for 
condensed tannins not only because it is originated by a simple cleavage of one of its 
monomeric units, but also because it is peculiar of this class of polyphenols and not, 
for instance, of another class of polyphenols widespread in nature such as lignin, and 
because its formation under pyrolysis is quantitatively reproducible. Further studies 
are underway to screen a larger set of samples, to establish a quantitative correlation 
between the amount of catechin subjected to pyrolysis and the quantity of produced 
catechol, and to determine its range of linear response. If the preliminary results of the 
present work will be confirmed on a more quantitative basis, pyrolysis affords the 
prospect of a rapid and specific analysis of tannins by gas chromatography, a technique 
so far neglected for tannins, without the need of cumbersome sample preparation and 
derivatization. 
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Fig. 1. Total ion chromatogram of Arval sorghum tannin after pyrolysis at 600 O C .  

Fig. 2. Total ion chromatogram of Argence sorghum tannin after pyrolysis at 600 "C. 
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Fig. 3. Total ion chromatogram of catechin after pyrolysis at 600 OC. 
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Fig. 4. Replicate pyrolysis of catechin under the same conditions of figure 1-3. (1) 
catechol, (2) p-hydroxybenzaldehyde which was added in view of its possible use 
as an internal standard in future quantitative experiments. 
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INTRODUCTION 

During the last years several papers have been published on the chemical composition of recognizable 
higher plant remains in sediments (e.g. spores. pollen', cuticlesa*', bark'8s. wood remains'). It is thought 
that these tissues have survived in the geological record because they are comprised of highly resistant 
biopolymers such as cutan', suberan' and lignin', whose chemical structures are only slightly modified 
during sediment diagenesis. 

Within this context seeds have hardly been studied. To some extent this is remarkable since they are 
often produced in large amounts. Alternatively, if few seeds are produced they can be of large size. 
Extremes in this respect are orchids with produce over one million seeds per fruit per year (each weighing 
5 pg) and the Seychelles coconut with a production of perhaps ten seeds in a lifetime weighing 20 kg each. 
Perhaps more important from a geochemical point of view, seeds possess protective envelopes derived from 
the integuments of the ovule. They comprise the seed coat and include the testa and tegmen at least one 
layer of which often becomes tough and sclerotic at biological maturity. The testa is a product of the outer 
integument whereas the tegmen is produced by the inner integument occuring inside the testa. On 
morphological features the tegmen is comparable to a cuticle. The protective layers represent only a few 
percent of the total biomass of the produced seed. However, in most cases it are only the seed coats that 
are found i n  the geological record. because the outer layers of seeds contain resistant compounds to protect 
the genetic material against physical and chemical processes such as temperature and humidity changes and 
bacterial and fungal attacks. Hence, seeds, and particularly their resistant layers, have a large potential to 
enter the geosphere and may become selectively enriched. 

In this study outer and inner layers (testae and tegmens. respectively) of Late Eocene seeds of 
Sfrmiofes (water soldier) and Subrenra (fossil water lily) were analyzed by means of flash pyrolysis-gas 
chromatography-mass spectrometry and flash pyrolysis-gas chromatography in order to test the above 
mentioned hypothesis. The testa of the studied seeds is a sclerotic layer, whereas the tegmen is a translucent 
tissue comparable to a cuticle. The Sabrenia seeds are obtained from the Brembridge Mark Member, 
Bouldnor Formation, Hamstead Ledge, Isle of Wight. The Slrafiofer seeds are obtained from the Totland 
Bay Member, Headon Hill Formation, Hordle Cliff, Hampshire. In addition a comparison is made between 
the pyrolysate of the Sabrenia testae and the Beulah Zap lignite'. This coal sample was obtained from the 
Sentinel Butte Formation of the Fort Union Group (Upper Palaeocene), Mercer County, North Dakota. 

EXPERIMENTAL 

The fossil testae and tegmens were dissected by hand. The samples were ultrasonically extracted with 
methanol. The residues were dried in a vacuum stove at 30T. 

CurieLPoint pyrolysis-gas chromatography (PY-GC) analyses were performed with a Hewlett- 
Packard 5890 gas chromatograph using a FOM-3LX unit for pyrolysis. The samples were applied to a 
ferromagnetic wire. The Curie temperature was 610'C. The gas chromatopph equipped with a cryokenic 
unit was programmed from O T  ( 5  min) to 320°C (20 min) at a rate of 3 C/mh.  Separation was achreved 
usinb a fused-silica capillary column (25m x 0.32mm) coated with CP Sil-5 (film thickness 0.4 em). Helium 
was used as the carrier gas, 
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The Curie-point pyrolysis-gas chromatography-mass spectrometry (PY-GC-MS) analyses wre 
Performed using the same equipment and conditions as described above for the PY-GC connered with a 
VG 70s mass spectrometer operated at  70 eV with a mass range m/r 40-800 and a cycle time of 1.8 E. 

RESULTS AND DISCUSSION 

The pyrolysates of the fossil tegmens of both Sfrafiofes and Sabrenia seeds are dominated by series 
of n-alkanes and n-alk-I-enes. In addition, the pyrolysate of the Sabrenia tegmens shows the distinct 
presence of isoprenoids. Prist- I-ene is the most abundant compound. Since 6-tocopherol was also detected, 
this compound is thought to be the precursor of the observed isoprenoid?. The n-alk- I-enes and n-alkanes 
detected in pyrolysates of the tegmens are thought to be derived from a highly aliphatic biopolymer 
comparable to cutan'. 

On the contrary, the main compounds in the pyrolysate of the fossil testae of Slrafiofes and Sabrenia 
are phenol and C, and C, alkylated phenols (Table 1). In addition, some methoxyphenols and benzenediols 
(mainly benzene-1,2-diols) are present. The abundance of these latter compounds is very low in the 
pyrolysate of the Sfrafiofes testae. The identification of these compounds was confirmed by comparison 
of mass spectra and relative retention times with those of authentic standards. The methoxyphenols present 
in these pyrolysates are not derived from lignin, since the distribution of these compounds in lignin 
pyrolysates is completely different'. The phenols and benzenediols detected are thought to be pyrolysis 
productes of a novel polyphenol biopolymer. 

T h e  seeds of Slrafiofes as well as Sabrina are produced under or near the water surface. In these 
environments fungal activities are prominent. Since phenols are known to posess fungicidal properties'. 
it is thought that the outer layer (testa) contains apolyphenol biopolymer as an additional protective shield 
for the genetic material. Hence, physical as well as chemical protection is conferred by the sclerotic testa. 

As mentioned earlier the tegmen occurs inside the testa as a cuticle based on biological features. This 
similarity of tegmen and cuticle is supported by pyrolysis data since a highly aliphatic biopolymer 
comparable to cutan has been recognized as a constituent of tegmens. 

The distribution patterns of the phenols and benzenediols in the pyrolysates of the testae are 
remarkably similar to those in the pyrolysate of the Beulah Zap lignite (Table 1; Fig. I ) .  This indicates that 
selective preservation of this novel biopolymer may be an alternative for the proposed demethoxylation of 
Iignins'O to explain the presence of phenol moieties in coals. Whether these phenol moieties in coal are 
derived from testae only remains to be seen, because this novel biopolymer may also occur in other tissues 
of water plants not yet investigated. 

CONCLUSIONS 

The two anatomically different seed layers of fossil Slraiofes  and Sabrenia, tegmen and testa, 
respectively, show remarkable differences in chemical composition. The tegmens are mainly comprised of 
an aliphatic biopolymer comparable to cutan whereas the sclerotic testae contain a novel polyphenol 
biopolymer. 

The highly similar distribution pattern of phenols and benzenediols observed in both pyrolysates of 
tesrae and lignites strongly indicates that selective preservation of the novel biopolymer may be an 
alternative for the proposed demethoxylation of lignins to explain the presence of phenol moieties in coals. 
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Table 1: Major identified peaks in pyrolysates of Sobrenia testae and the Beulah Zap lignite (Fig. I )  

1. 
2. 
3. 
4. 
5. 
6. 
7. 
a. 
9. 

10. 
11. 

Phenol 
2-Methylphenql 
2-Methoxyphenol 
3-Methylphenol and 4-Methylphenol 
2.4-Dimethylphenol 
4-Ethylphenol 
4-Methyl-2-methoxyphenol 
Benzene- 1.2-diol 
C,-phenol 
4-ethyl-2-methoxyphenol 
4-methyl-benzene- 1.2-diol 
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Fig. 1: Partial gas chromatogram of flash pyrolysates of Sobrenio testae (A) and the Beulah Zap lignite (E). 
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INTRODUCTION 

In recent year there has been considerable interest in developing 
renewable resources, as alternatives to petroleum based substances. Oil 
and hydrocarbon producing plants, mostly growing in arid regions, are 
especially promising candidates to produce important chemical inter- 
mediates and fuels. (1-4). 

In previous work (5,6), we have evaluated chemically the potential of 
some Chilean species growing in arid lands as hydrocarbon producing 

CoDiaDina, Tessaria absinthioides and Bulnesia chilensis turned out to be 
promising sources of polyisoprene and/or n-paraffins. Their extracts are 
potential starting materials for fuels and/or chemicals through pyrolytic 
reactions. However, it is necessary to study the effect of various 
catalysts on the pyrolysis and identify the most promising ones, in order 
to utilize economically these plants. 

Most of the work on the pyrolytic reactions of biomass were carried out 
with the carbohydrates. (8). There is very little known on the influence of 
catalysts, pretreatments and other reaction conditions on the compounds 
obtainable through the pyrolysis of the extracts from latex producing 
plants. It has been reported that mixtures of ethylene, propylene, toluene, 
xylenes, C5 through C20 nonaromatics, and C1 to C4 alkanes can be , 

obtained when these extracts are pyrolyzed in the presence of ZSM-5, a 
molecular shape-selective zeolitic catalyst developed by Mobil Oil 
Corporation (7). 

It is  difficult to taylor-make "a priori" a catalyst for all the types of 
reaction that take place in converting biomass extracts to valuable 
chemicals. However, we theorize that owing to their acidic and structural 
properties, such as larger pore size and central cavity size than those of 

crops. Among the studied species, -orb ialactiflua, F u p h o r b i a  
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ZSM-5, thermostable zeolitic faujasites would be appropriate. Some bi- 
functional catalysts, e.g. Pvfaujasite, would be also good candidates to 
improve reduction of carbonyl groups and to diminish the formation of 
coke which deactivates the catalyst. 

To assess the possibility of obtaining fuels, the main components of 
CH2C12 extracts from Chilean species,i.e.,polyisoprene, n-paraffins and 
resins, were pyrolyzed with various zeolitic catalysts, utilizing different 
heating rates and subtratelcatalyst (SIC) ratio. Conversion degree and 
best conditions of pyrolysis were estimated by means of thermo- 
gravimetry and differential scanning calorimetry. 

EXPERIMENTAL 

Extraction, fractionation and analysis. 

Plant species were collected from the wild, in the North of Chile (111 and 
IV Regions). Voucher specimens were kept at the University of Concepcion 
Herbarium (Conc.). Samples of latex from Euohorbla ' lactlflua were 
collected by tapping wild plants. 

Dried milled samples were extracted in a Soxhlet apparatus with CH2C12 
for 40 hours. After the evaporation of the solvent, the solids wore again 
extracted using acetone to obtain acetone-soluble and acetone-insoluble 
fractions. Representative fractions were characterized by quantitative 
analysis, IR, 'H and 13C NMR spectroscopy, TLC and GC (5,6). Results are 
given in Table 1. 

Isolation and Characterization of main components. 

n -Para f f ins .  
Acetone-insoluble fractions were refluxed in a suspension of activated 
carbon, Johns-Manville cellite and hexane, filtered and dried to obtain the 
fractions of refined hydrocarbons which were analyzed by IR, 1 H NMR,' 13C 
NMR, and GC. (5). 

NMR and IR spectra of refined hydrocarbons from different species 
revealed almost exclusively the presence of n-paraffins. The identi- 
fication of hydrocarbons was carried out by the comparison of RRt data 
with those of authentic standards. The results revealed the presence of 
n-alkanes mixtures with chain lengths varying from n-nonadecane (n-C19) 
to n-tritriacontane (n-C33). In the mixture, n-heptaeicosane (n-C27), n- 
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nonaeicosane (n-C29) and n-hentriacontane (n-C31) were the dominant 
alkane components. 

Rubber 
Fresh latex from f. lactiflua was mixed with C2C14. After removing the 

azeotrope, the solid was dried at 50OC for 12 hours. Dry latex was 
dissolved in CH2C12, then filtered, and the solution was added drop by drop 
to methanol. The precipitate was centrifuged, dried in a vacuum oven at 
50oC for 2 hours and weighed. The yield was 8.05% in dry latex weight 
basis. The characterization was done by IR, NMR spectroscopy ( l3C and 
1H) and TLC. All .the data obtained agreed with those given in literature 
for &1,4-polyisoprene. 

Resins 
Resins isolated through succesive fractionation of dry latex from E. 
lactlflua and CH2C12 extract from c. Qdorifera were characterized by I.R., 

13C NMR and TLC with standards (5). The main components were: sterols 
(B-sitosterol-type), fatty alcohols (oley-type), fatty acids (oleic-type). 

Preparation and Characterization of Catalysts 

Series of HNaY, MNaY and M1M2NaY (M = Pt, Co, Mo) zeolites were prepared 
by impregnation or partial sodium exchange of a NaY zeolite faujasite- 
type (Linde, SilAl = 2.4) with NH4+ or suitable metalic ions. The degree 
of ionic exchange was determined by atomic absorption sodium analysis in 
the filtrate. Dehydration, deamination and dehydroxilation were carried 
out at 1 10°C, 250-420% and 460-5500 respectively. Reduction of PtNaY 
catalyst was carried out with H2 at 520OC (9-10). 

The crystallinity of the exchanged zeolites was determined by X-ray 
diffraction using the powder method (11). The specific areas of the 
prepared zeolites were determined by the absorption method of N2. The 
analysis were performed in a volumetric BET conventional equipment at - 
196OC (12). The number of acid centers and their relative strengths were 
determined by a potentiometric method (13). Results are given in Table 2. 

Thermogravimetric analysis. 

G. gdorifera n-paraffins, E. lactlflua polyisoprene and f. cOaiaDina resins 
were selected as model substrates. The rate of weight loss, and the 
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weight of the residue of each substrate, catalyst, and mixtures SIC, were 
determined in a T.G.A. under N2. A temperature range of 50-55OoC and 
heating rates of 20, 40 and 80 degreeshin were used. The results for 
samples SIC = 1I1 (wt/wt) are given in Table 3. Percents of total weight 
loss (substrate + catalyst) were corrected and are given in percent of 
weight loss of the substrate. 

DSC analysis 

Calorimetric studies were carried out on a DSC-system, upon heating from 
30 to 500OC at 800CImin. The samples were sealed in aluminum pans 
with a pinhole on top for the escape of volatiles, which were flushed out 
of the reaction zone with a constant flow of N2. 

RESULTS AND DISCUSSION 

According to the results of Table 3, as the heating rate increases, the 
Tinfl also does. The Tinfl is around 330 to 390OC and it is higher for the 
substrates without catalyst. The percent of weight loss at this point is 
from 37 to 64%, therefore it could be assumed that most of the pyrolytic 
products are formed around 400OC. 

Results for samples SIC = 9I1 (wt/WT) are not given because were not 
reproducible. This may be due to the fact that it is very difficult to 
obtain homogeneous samples with this ratio, and a small error in the 
quantity of catalyst may cause a large error in the results. 

In the DSC analysis, the pyrolysis of the mixtures SIC = 1:l (wt/wt) could 
be separated into two large and broad peaks: one endothermic, with 
maxima around 200OC, the o ther, exothermic, with maxima around 430OC. 

Below 300oC a minimal amount of volatile material is generated (Table 
3), and the first range endothermic peak is probably due to melting and 
minor scissions. On the other hand, the second range temperature, 

' exothermic peak, is located, within the experimental error, in the zone of 
maxima volatization rate (Table 3), therefore, an extensive decomposition 
seems to take place around 400%. 
The temperature of the maxima of the exotermic peak is lower for most of 
mixtures SIC than for the substrates without catalyst showing that they 
speed up the pyrolysis. 
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CONCLUSIONS 
General conclusions emerging from the results are: 
- The catalysts speed up the process of pyrolysis and enhances the percent 

-. The better conditions for the catalytic pyrolysis would be temperatures 

- Regarding the percentage of conversion (“A wt final), the catalysts that 
seem to direct .more efficiently the pyrolysis of the extracts of hydro- 
carbon producing plants to mixtures with low C/H ratio, besides ZSM-5, 

of conversion of all substrates. 

around 400oC and higher heating rate. 

were: Co(l)NaY, Mo(2)NaY and Co(1) Mo(0.5)NaY. 

Continuing work. 
The composition of pyrolytic volatile products and theirs combustion 
heats are being investigated to make the final conclusions about the most 
suitable pyrolytic conditions. Further results from these studies will be 
reported in the near future. 
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SPECIES CH2C12 EXTRACT ACETONE-INSOLUBLE POLYMERIC 
FRACTION HYDROCAR- 

YIELD A C/H RATIOB YIELDA C/H RATIOB BON TYF'Ec 

E.LACTIFLUA 10.80 0.52 2.90 0.48 NR, WAXES 
E.COPIAPINA 11.70 0.57 3.10 0.51 N R D ,  WAXES 
C.DDORIFERB 4.50 0.54 2.20 0.48 N R D ,  W m S  
€.SALICIFOLIA 5.30 0.55 1.60 0.49 NRD, WAXES 
T.DSINTH 10IDm 7.40 0.57 1.32 0.52 WAXES 

*. Given as a percentage of plant dry weight; average value of extracts from 2-3 plant samples 
B. C/H molar ratio calculated from quantitative analysis data 
c. NR=natural rubber (cis-1,4-polyisoprene) identified by spectroscopic data 
D. Traces. 

I.E. =Ionic exchange 

707 



i 

____________________-------_---- 
CATALYST HEATING RATE T. m. 

n (DEGREWmin. ( OC) 

P -  20 370 
A ZSM-5 20 350 
R H(40)NAY 20 320 
A H(64)NAY 20 330 
F PffO.5)NAY 20 315 
F COWNAY 20 310 
I Mo(2)NAY 20 325 
N Co(l)Mo(0.5)NAY 20 320 

________________________________________------------------. 
64.0 
50.6 
51.8 
46.6 
23.9 
39.1 
38.5 , 

41.8 

430 
480 
460 
450 
450 
450 
450 
450 

95.4 
91.0 
93.5 
92.5 
68.7 
89.7 
98.2 
94.8 
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Continuation of TABLE 3. 
--_________________________c____________--_--------------- 

CATALYST HEATING RATE T. m. %W. L. INF. TF %WL.F. 
(DEGREWmin. ( OC) ( O C )  

P -  20 390 42.9 460 82.9 
0 ZSM-5 20 , 3 8 5  50.0 450 91.5 
L H(4O)NAY 20 375 49.8 450 78.4 
Y H(64)NAY 20 370 38.1 480 72.4 
I Pt(O.5)NAY 20 400 36.6 470 57.4 
S Co(1)NAY 20 350 31.5 450 91.9 
0 Mo(2)NAY 20 350 29.2 450 71.9 
P Co(l)Mo(O.5)NAY 20 370 48.4 450 87.4 
R . . . . . . . . . . . . . . . . . . . . . . .  ________________________________________------ _________  - _ _ _ _ _ _  ___________________  _ _  
E -  40 406 33.1 490 88.4 
N ZSM-5 40 390 42.8 500 96.1 
E H(40)NAY 40 390 47.3 470 88.6 

H(64)NAY 40 370 40.3 480 80.8 
WO.5)NAY 40 340 25.3 500 75.0 
Co(1)NAY 40 380 34.2 500 96.2 
Mo(2)NAY 40 370 37.3 450 88.6 
Co(l)MO(O.S)NAY 40 385 48.1 450 89.8 

80 I 425 51.1 510 93.3 
ZSM-5 80 400 46.6 500 97.7 
H(4O)NAY 80 390 42.5 460 86.0 
H(64)NAY 80 400 39.2 480 79.4 
Mo(2)NAY 80 410 45.0 510 82.1 ............................................................................................................ 

T INF. = Temperature at inflection point 
%WL INF. = % of weight loss at TINF. 
IF 
%WLF 

=Temperature where no more weight loss occurs 
= 96 of weight loss at TF. 
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Keywords: alkylpyrroles, kerogen pyrolysates. macromolecularly-bound tetrapyrrole pigments 

INTRODUCTION 

Porphyrins a n d  related compounds are well known biological markers often applied in 
These tetrapyrrole pigments also occur in kerogen since upon off-line pyrolysis of kerogen 

DPEP-and ETIO-porphyrins are r e l e a ~ e d . ~  Recently, Barakat and Yen reported that major amounts of 3- 
ethyl-4-methyl- IH-pyrrole-2.5-dione and. to a lesser extent, 3.4-dimethyl- IH-pyrrole-2,s-dione were 
formed upon controlled stepwise oxidation of a Monterey kerogen from the Santa Maria basin and Green 
River shale kerogen.' These compounds are thought to be derived from oxidation of entrapped ETIO- 
porphyrins. 

'( Here we report  the identification of C,-C, alkylpyrroles as major pyrolysis products of a Miocene 
kerogen from the Monterey Formation (CA. USA) and provide evidence that they are derived from 
macromolecularly-bound tetrapyrrole structures. A more detailed and expanded account of this work will 
be presented elsewhere.' 

SAMPLE 

The kerogen sample studied is from an  immature outcrop in the Santa Barbara basin of the Miocene 
Monterey Formation (CA, USA). Kerogen isolation was performed by HCI/HF treatment of the solvent- 
extracted sediment a n d  yielded a kerogen isolate with the elemental composition: C, 60.31% H, 6.45%; N, 
3.55%; Slot,, 9.81%; ash,  4.62%; 0 (by difference), 15.26%. 

EXPERIMENTAL 

Flash pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS 610'C IO s) was performed 
using a Curie point pyrolyser mounted on an Hewlett-Packard 5890 gas chroAatograbh equipped with a 25 
m x 0.32 mm i.d. capillary column coated with CP Sil-5 (film thickness 0.45 rm). The gas chromatograph 
was connected with a VG-70s mass spectrometer operated at 70 eV with a cycle time of 1.8 s and a mass 
range m/z 50-800 a t  a resolution of 1000. 

Flash pyrolysis-mass spectrometry (Py-MS) was performed using the FOM autoPYMS system. 
Pyrolysis (770°C) was performed in vacuo (180°C) and the products were transferred via an  expansion 
chamber (200°C) to a B a k e r s  QMA I5O/QMG 511 quadrupole mass spectrometer. The following M S  
conditions were employed: electron impact ionization, 15 eV; mass range, m/: 25-250; scan rate, IO 
scanss". 

RESULTS AND DISCUSSION 

GC-MS of a flash pyrolysate of a kerogen isolated from an immature (R,= ea. 0.30%) Monterey 
sediment revealed the abundance of a number pyrroles with alkyl side-chains containing 1-6 carbon atoms. 
Figure 1 shows a part  o f  the total ion current and a summed mass chromatogram of m / z  80.07 + 81.08 + 



94.08 + 95.09 + 108.10 + 109.1 1 + 122.1 1 + 123.12 + 136.13 + 137.13 + 150.14 + 151.14 of the flash pyrolysate, 
indicating the  abundance of the C,-C, alkylpyrroles. This was also evident from the Py-low voltage MS data 
(Figure 2) which show the abundance of m / z  81. 95, 109, 123 and 137, the molecular ions oi the C,-Cs 
alkylpyrroles. 

The alkylpyrrole composition in the flash pyrolysate is dominated by a small number of specific 
alkylpyrroles: 2,3,4-trimethylpyrrole, 3-ethyl-4-methylpyrrole, 2,3-dimethyl-4-ethylpyrrole, 2.4- 
dimethyl-3-ethylpyrrole and 3-ethyl-2,3,5-trimethylpyrrole (Table I) .  Most of these compounds were 
identified b y  using authentic standards. 

A similar alkylpyrrole composition was found to be present in the flash pyrolysate of the asphaltene 
fraction isolated from the bitumen of the same Monterey sediment sample. This lends further support to the 
hypothesis that asphaltenes can be thought of as small, "soluble" parts of kerogen., 

The very specific alkyl substitution pattern of the major alkylpyrroles (Le. with an ethyl and a 
methyl group at position 3 and 4 and 0-2 methyl group(s) at the other positions) strongly suggest that they 
are derived from tetrapyrrole pigments (e.g. chlorophyll-a, bilirubin). 

Therefore, the lininear tetrapyrrole bilirubin was flash pyrolysed under the same conditions 3s the 
kerogen sample. Indeed, C,-C, alkylpyrroles were formed and their distribution is dominated by the same 
structural isomers as in  case of the Monterey kerogen pyrolysate (Figure 3). Similar results were obtained 
for chlorophyll-a and protoporphyrin-IX dimethyl ester. These results are in good agreement with literature 
data.' 

These results suggest that the Monterey kerogen contains significant amounts of macromolecularly- 
bound tetrapyrrole units. Quantitative pyrolysis of the kerogen and bilirubin using a polymer internal 
standard indicate that the kerogen on a weight for weight basis contains ca. 15% "bilirubin equivalents". This 
very high amount of tetrapyrrole pigments suggests either an abundant algal contribution to the sediment 
(probably related to upwelling conditions) or unique preservation characteristics associated with this deposit 
or a combination of both factors. 
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TABLE I .  AlkvlDvrroles identified in the pyrolysates. 
~~ 

peak number compound(s) 

C, alkylpyrroles 
C, alkylpyrroles 
C, alkylpyrroles 
2.3.4-trimethylpyrrole 
3-ethyl-4-methyipyrrole 
2.3-dimethyl-4-ethyIpyrrole 
2,4-dimethyl-3-ethylpyrrole 
3-ethyl-2,3,5-trimethylpyrrole 

B alkylpyrroles 

2 - 
I 

5 

6 

1 - scannumber 

Figure I .  Partial Total Ion Current (TIC; A) of the flash pyrolysate (6lOT) of the Monterey-25 kerogen and 
accurate mass chromatograms (mass window 0.01 amu) of m/r 80.07 + 81.08 + 94.08 + 95.09 + 108.10 + 
109.11 + 122.11 + 123.12 + 136.13 t 137.13 + 150.14 + 151.14 showing the distributions of the C,-C6 
alkylpyrroles (B). Peak numbers refer to alkylpyrroles listed in Table I .  
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Py-MS spectraof Monterey-25 kerogen. For quantitation poly-4-c-butylstyrene was co-pyrolyred, 
which gives rise to its monomer, 4-I-butylstyrene (m/: 160, 145). 

7 

H . H  H H 
bilirubin 6 

- scannumber - 
Finure 3. Accurate (mass window 0.01 amu) summed mass chromatograms o f  m / r  80.07 + 81.08 t 94.08 + 
9 5 . 0 9 t  108.10+ 109.11+122.11 +123 .12t  136.13+137.13+ 150.14+151.14fortheflarhpyrolysate(61O0C) 
of bilirubin. Peak numbers refer to alkylpyrroles listed in Table I .  
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INTRODUCIlON 

Cellulose pyrolysis presents some unique questions that include the effect of polymer secondary structure, 
(e.g., rrystallinity), the intrinsic mechanism of pyrolysis by homolytic or heterolytic pathways, the role of 
alkali-metal catalysis, and the existence of major pathways, other than levoglucosan formation by 
“transglycosylation.”i4 Most of the advances in the last five years have resulted from new analytical 
information. Piskorz e t  a1.5 and Richards‘ have published papers in recent years that describe 
hydroxyacetaldehyde formation as a major product and have speculated on the mechanism of this newly 
recognized, important product. These workers have used bench-scale pyrolysis units with physical 
collection of samples and employed chromatographic analysis of the products. Another approach is to 
perform pyrolysis with on-line analytical capability, either gas chromatography (Py-GC or Py-GC-MS) or 
mass spectrometry (Py-MS). Pouwels e t  a17 have recently reported a detailed analysis of cellulose 
pyrolysis products using Py-GC-MS analysis. The major disadvantage of the GC approach is the 
collection of products on  the head of the column where thermal degradation or other reactions can occur 
for some of the pyrolyzate constituents. The advantages of Py-MS are complete product collection and 
time-resolved analysis, but ambiguities arise due to the nature of the ionization method and the detection 
of products with the same nominal mass. The typical approach is to use low-voltage, electron ionization 
(12-25 ev) to preserve the parent ions as much as possible! When this approach is coupled with 
multivariate data analysis, it is often possible to deconvolute the major components among the products? 

We report here the implementation of several new tools for the study of cellulose pyrolysis using 
molecular beam mass spectrometry (MBMS).’O The new tools for py-MBMS investigations include 
systematic catalytic additions to identify correlated products, tandem mass spectrometry for identifying 
the contribution of specific compounds to nominal masses, preliminary rate analysis techniques for time- 
resolved data, and the growth and purification of W labeled cellulose using Acetohacter xvlinum to be 
used in the study of cellulose. pyrolysis. 

EXPERIMENTAL 

The MBMS and pyrolysis procedures have been previously described.” A sample (1- 30 mg) contained 
in a quartz holder or “boat” is inserted into flowing (13 Vmin at reactor temperature), preheated (typically 
SOOT) helium carrier gas. The hot gases are expanded through an orifice on the apex of a sampling cone 
into a low pressure chamber. The pressure difference is sufficient for free-jet expansion, which quenches 
the products and allows light gases, high-molecular-weight compounds, and reactive products to be 
simultaneously sampled and analyzed. A molecular beam, collimated through a second expansion, enters 
an ion source, where approximately 20 eV electron impact ionization is used to form ions. The mass 
range of interest (typically 15-300 amu) is scanned each second throughout the time for complete 
pyrolysis product evolution. Data are processed by integrating the spectra over the time of pyrolysis (10 
to 90 S, depending on the sample and gas temperature), and by subtracting the background. If time- 
resolved data analysis is to be performed, each individual spectrum in a pyrolysis experiment is 
backgroundcorrected. Factor analysis was used to analyze the results, either on a set of spectra from 
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related pyrolysis experiments to determine common behavior, or on time-resolved data to deconvolute 
different groups of products. The techniques used for factor analysis have been adapted from the 
methods of Windig and Meuzelaa? that have been recently described by Windig." The software package 
was the ISMA program" (Interactive Self-modeling Multivariate Analysis). 

Avicel microcrystalline cellulose (FMC Corp., PH-102) was used throughout this work. Catalytic 
additions of salts were made by adding an appropriate amount of aqueous solution to just form a sluny 
and then allowing the material to dry completely in air at room temperature. Additions are reported as 
wt % cation relative to sample weight. 

Cellulose was prepared with '3C at the C-1 position by growing cultures of Acetobacter on media 
that included D-[l-'3C]-glucose. The cellulose sheets, or pelicles, were allowed to grow in media and then 
were thoroughly cleaned to remove other biopolymers and metal contamination. This cleaning procedure 
included autoelaving the pelicles in a solution of Alconox detergent followed by exhaustive washings in 
deionized water (resistivity = lo' ohm). The pelicles were analyzed by C-13 NMR and found to be free 
of non-cellulosic carbon signals. The level of "C, enrichment was 14%. 

RESULTS AND DISCUSSION 

The pyrolysis of cellulose is shown in figs. 1 and 2 for samples treated with different levels of KOH to  
demonstrate the two major product groups known to form: anhydrosugars and hydroxyacetaldehyde and 
their related compounds. The sample treated with 0.001% K has a product slate dominated by 
levoglucosan as shown by the average spectrum in fig 1B. Lmoglucosan ionization fragment ions 
contribute to the intensity at m/z 144,98, 73, 70.60, and 57. The evolution profiles for m/z 43 and 144 
are shown in fig. 1A as key markers for the two major product groups. In most natural cellulosic 
material, the yield of levoglucosan is less than that obtained from pure, isolated cellulose, such as Avicel. 
The average spectrum and time-resolved profiles for the pyrolysis products from cellulose treated with 
0.5% K is shown in fig. 2. Hydroxyacetaldehyde, at mlz 60, fragments in the ion source to give fragment 
ions at m/z 31 and 32 and acetyl compounds give a major fragment ion at mlz 43. These masses are good 
indicators for the other major product slate. These data support the hypothesis that the level of alkali 
metals determine the relative amounts of these two major cellulose pyrolysis products. This point will 
be further demonstrated below. 

A major question in cellulose pyrolysis is the existence of other "product classes" in cellulose pyrolysis. 
The systematic addition of catalytic alkali metal salt has been used to simulate the range of product 
groups encountered in cellulosic biomass pyrolysis. Salts investigated include NaCI, NaOH, KOH, and 
&C03 at the 0.001 to 0.1 wt. % level. Multivariate analysis of the average pyrolysis spectra was used 
to deconvolute three main groups of products. These catalysts show different mechanistic effects a t  
various levels of addition. The factor score plot, the mass variable loading projections, and the variance 
diagram are shown in fig. 3. The score plot reveals a systematic effect from the catalytic addition with 
two trends and three main product groups. The three product groups are controlled by the level of salt 
addition. The mass-variable axes projections (fig. 3B) show that the masses are fanned out, which 
indicate that most masses belong to more than one of the three groups. The variance diagram (fig. 3C), 
which provides visual insight into the weighted average of the mass vectors, shows the three main maxima 
that indicate the direction of the component axes. The pure mass method is used to determine the vector 
coordinates that best represent the major, independent, real chemical "components." Chemical 
components in this application means suites of products that have correlated abundances in the spectra 
and hence appear to be controlled by the same chemical pathways. In this data set, three. components 
were determined as represented by the pure masses, m/z 31, 144, and 191. The mathematically derived 
spectra of these three resolved components are shown in figs. 4-6, along with the relative amounts of 
these. components for each sample. 

The component spectrum 1 (fig. 4B) shorn the key fragment ions at m/z 31, 32 and 43 that are due to 
the aldehyde and related structures. The plot of the relative concentration of component 1 for each 
sample as a function of wt % cation shows a systematic trend with higher yields at higher levels of alkali 

715 



metal. Six biomass samples (pine, fir, beech, maple, wheat straw, and bagasse) were analyzed along with 
the treated cellulose and were projected into the factor-analyzed cellulose results. These samples are 
included in fig. 4-6 as a function of their analyzed alkali metal concentrations. The resolved spectrum 
of component 2 in fig. 5B matches levoglucosan and shows higher relative concentrations in the samples 
with low levels of alkali metals that decreases monotonically with increased alkali-metal concentration. 
The biomass samples fit within this curve. Recent work5” has established that these two groups are the 
major products of cellulose pyrolysis, and our work shows that their relative amounts are controlled by 
alkali catalysis, which promotes the formation of the aldehydes a t  the expense of anhydrosugars. The 
results indicate a third product class that is also a function of alkali catalysis at low levels and that product 
group is shown in the component spectrum in fig. 6B. The peak at m/z 191 is of great interest since it 
is higher than the anhydrosugar weight of 162 and because it is an odd mass ion indicating either a 
protonated m/z 190 or a fragment ion of a higher mass, such as m/z 192. The peaks at m/z 173 and 163 
and 145 are correlated with the intensity of mh 191. The other major product is mlz 126, which could 
be 5-hydroxymethyl furfural, or hydroxybenzenes.’z This will be discussed in relation to the CID of m/z 
126. The peak at m/z 114 and fragment ion m/z 85 are common products from pentosan pyrolysis 
products and are thought to be due to a lactone.” The relative concentration of component three shows 
a maximum at intermediate levels of cation concentration and the biomass samples show good agreement 
with the trends for the cellulose samples. These results imply that the pyrolytic behavior in biomass 
samples can be largelyexplained by these three product groups and that the effect of alkali-metal catalysis 
is suficient to explain the control of the pyrolysis of cellulose in these materials. 

Time-resolved data analysis can be used to estimate the relative kinetic rates for these different classes. 
As an initial application of this idea, the two sets of time-resolved spectra for the pyrolysis of ceUulose 
treated with .OOl and .5% K (as KOH) (shown in figs. 1A and 2A) were combined in the same data set 
and subjected to  factor analysis to deconvolute the major trends as a function of reaction time. Only two 
significant chemical components were derived by this process in contrast to the three from the alkali- 
metal experiment. There are two possible reasons for this: 1) the third pathway was not active because 
these samples are from the two extremes of the sample distribution in fig. 3A, or 2) the two sets of time- 
resolved spectra did not contain sufticient variation to allow independent expression of the intermediate 
product group. The masses associated with the third product slate are divided between the other two. 
The mathematically derived spectra of the two components are shown in fig. 7 and clearly represent 
aldehyde and anhydrosugar product groups. 

Using the relative yields of these two components in each spectrum the data are analyzed by plotting 
three calculated values that represent tests for zero, first, and fractional order rate behavior.” The test 
for zero order is a plot of fractional, conversion to products, expressed as 

where S is the score for the j component (j=1 to 2, in this case) at  time i, and n is the time for complete 
conversion. This can be subsequently converted to a first order test by plotting -ln(l-XJ and as a 
fractional order test by plotting (l-X,)~’*l, where n is the fractional order of reaction.” The slope of the 
line can be converted to the rate constant when these values are plotted versus time, and straight line 
behavior is observed. In these experiments, there is a nonisothermal period while the sample is heated 
to the reactor temperature. The initial portion of the time-resolved behavior is therefore ignored. This 
method should be considered a screening technique since there are several uncontrolled factors (e.g.. 
temperature of reacting solid, mass transfer, etc.) that prevent the calculation of intrinsic chemical kinetics 
with certainty. However, this rapid analytical approach is a way of comparing samples that sheds light 
on the chemical processes and utilize data that in the past were ignored. The use of factor analysis to  
deconvolute chemically specific information from time-resolved data is an improvement over weight loss 
rate analysis. Plots of these calculated values versus time are shown in fig. 8 for the evolution of the 
aldehydes component from the 0.5% K-treated cellulose and the anhydrosugar component for the 0.001% 
K-treated cellulose. In both the 0.001% K and 0.5% K samples, a reaction order of .8 and a rate 
constants of 0.17(*.02) s-’ were calculated for the anhydrosugars. For the aldehydes, a reaction order 
of 0.4 and rates of 0.07 to 0.11 s-’ were obtained for the 0.001% and 0.5% samples, respectively. The 
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difference in rates for the aldehydes, if statistically significant, is not unreasonable if one 
assumes a more ”zero-order nature” for the formation of hydroxyacetaldehyde, which is dependent on 
catalytic activity. The reproduc ty of the reaction order for the two reactions under extremes of 
reaction is illustrative of the insight that this rate analysis of time-resolved data can provide. 

Collision induced dissociation (CID) of selected ions has been used to deconvolute ambiguous peaks in 
pyrolysis-mass spectrometry of cellulose, such as m/z 60, 126, 144, and 162, which are known to be due 
to more than one product, and m/z 191,163, and 145, which appear to have new significance in light of 
results reported above. The results are presented in table 1 for a variety of materials. The species at 
m/z 191 gives rise to fragments at m/z 173 and 163, due to a loss of 18 and 28, respectively. The series 
of daughter ions of m/z 191, at m/z 163, 145, and 127, resemble the dehydration series from the electron 
ionization fragment ions of levoglucosan at m/z 162, 144, and 126. This may imply that the parent of m/z 
191 (m/z 192?) may be a derivative from an anhydrosugar. The peak at m/z 163 may be an electron 
ionization fragment of the same species that gives rise. to m/z 191 and it also has daughter ions at  m/z 145 
and 127, but with a new daughter at m/z 85. Comparing m/z 162 from levoglucosan and cellulose 
indicates some dramatic differences with the cellulose ion giving rise to a daughter at m/z 73 that is not 
produced from levoglucosan. The parent at m/z 145 from cellulose pyrolysis is also different from the 
m/z 145 ion from levoglucosan, which again may be due to the m/z 145 being derived from the same 
species that gives rise to m/z 191. The daughters of m/z 144 are also more complicated from cellulose 
than levoglucosan. The model compounds at m/z 126 show relatively unique daughters for each (1,2,3- 
trihydroxybenzene - m/z 108, 1,3,5-trihydroxybenzene - m/z 85; 5-HMF - m/z 97; levoglucosenone - m/z 
98). Untreated Avicel yields m/z 97 as a daughter of m/z 126, which indicates the 5-HMF and no 
hydroxyknzenes. The presence of salts lowers the overall daughter ion abundance from m/z 126, and 
the presence of m/z 108 would indicate the trihydroxybenzene in addition to 5-HMF. It is not generally 
recognized that the furfurals can arise from alkali metal catalysis, but these data support that hypothesis. 
The daughters of m/z 60 are also fairly unique for the model compounds and show that the daughters 
from treated cellulose can be resolved into the relative amounts of levoglucosan, hydroxyacetaldehyde, 
and acetie acid by the relative amounts of m/z 42,32, and 45. Factor-analysis-based methods are being 
developed for deconvoluting CID spectra due to multiple products present at the nominal mass of 
interest. 

Recent pyrolysis MBMS experiments of Acetobacter cellulose, grown on D-[l-”C]-glucose media are 
reported here and this is a most exciting new tool for PY-MS studies of cellulose pyrolysis. The 
selectively enriched, labeled and unlabeled Acetobacter cellulose samples were prepared and purified by 
the same methods to remove potential metal ion contaminants and to insure that both samples could be 
compared. The regular and ”C, Acetobacter cellulose samples were pyrolyzed in triplicate at 520°C in 
flowing helium. The sample size was approximately 5 mg. Since m/z 145 and 127 are asscciated with 
another produet group (that is alkali-catalyzed) in addition to being the isotope p e a k  of m/z 144 and 126, 
respectively, the enrichment effect can be masked by the differences between samples in the level of 
inorganic contamination. The ratio of m/z 126/144 is a sensitive indicator of the relative amounts of these 
different product groups. The data in table 2 show that the ratios of m/z 126/144 are 0.53 and 0.50 for 
the regular and enriched Acetobacter cellulose samples, respectively. This leads to the conclusion that 
there is no significant differeke between the two samples in the relative amounts of the major pyrolysis 
product groups. Therefore, the differences in table 2 that are statistically significant are due to the 
isotope enrichment at the C, position. The average spectrum for the replicates of regular cellulose 
pyrolysis is indicative of anhydrosugar formation (there was a low abundance of m/z 43, which is a 
confirmation that these are clean samples). Therefore, isotope effects from this sample will only be 
relevant t o  part of the range of cellulose pyrolysis products. An analysis of variance (ANOVA) was 
performed for the triplicate runs for the two samples. The results are presented as the F-ratio, which 

, is a statistical parameter used to estimate the probability of significant differences between two or more 
classes of replicated samples. For this experiment, an F-ratio of 7.71 indicates 95% confidence that the 
measured difference is significant and an F-ratio of 21.2 implies 99% confidence. Ihe ions with an F- 
ratio greater than 3.5 are included in tables 2 and 3. The F-ratio test shows significant enrichment at m/z 
144 with an F-ratio of 87 for mh 145 and 69 for m/z 144. Since this ion is a six carbon product, which 
must contain C,, this verifies that the enrichment can be detected for C, containing species. Simulation 
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data are included in the tables that assume 14% enrichment and the presence of C, in the products at 
every mass. Note that the peak intensities are very close for m/z 144 and 145 for the labeled 
Acetobacter average and those in the simulated enrichment. The products at dz 126 also contain 
six carbon atoms and again the enrichment values for dz 126 and 127 closely match the simulated values. 
Of the lower molecular weight products, only m/z 98 is significantly higher. 

To force the distribution of pyrolysis products to the aldehyde product slate, samples of the Acetobacter 
cellulose. were treated with 0.1% KOH and treated similarly to the samples described above. In this 
sample, m/z 126 shows significant enrichment, hut no low-molecular-weight products are higher in the 
enriched cellulose. This indicates that the d z  60 products that are present under these alkali<ataI@ 
conditions are not formed from the C, position in cellulose, and glycolaldehyde must come from the C2 
to C6 positions. This work is continuing with labeled cellulose at other carbon positions. 

In summary, the use of systematic catalytic additions to promote formation of product groups, the use 
of rate analysis of time-resolved data, and the use. of CID for characterization, improves the application 
of F‘y-MS as a tool for studying the chemistry of cellulose pyrolysis. The most exciting new development 
is the use of 13C-labeled cellulose that has specifically labeled positions and allows the source of each 
pyrolysis product to be traced to the exact position in the cellulose structure. 
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Table 1. Results of CID-MS on key masses from the pyrolysis of cellulose and selected model compounds. 
Conditions for CID were Argon collision gas and ion energies of approximately 20 eV. The intensities 
are relative to a parent ion intensity of 1ooO. 

- Parent 

191 
163 
162 
162 
145 
145 
144 
144 
126 
126 
126 
126 
126 
126 
126 
126 
126 
126 
60 
60 
60 
60 
60 
60 

Material 

Avicel 
Avicel 
Avicel 
Levoglucosan 
Avicel 
Levoglucosan 
Avicel 
Levoglucosan 
1,2,3-THB1 
1,3,5-THB1 
5-H-M-Furfural 
Levoglucosenone 
Avicel 
cel + .05%Na2C03 
cel+.S%K2CO3 
cel+.OS%NaCI 
Aceto. Cel#l 
Aceto. cel#2 
Acetic Acid 
Hydroxyacetal. 
MeFormate 
2-propanol 
Levoglucosan 
Cel + .05%Na2C03 

Daughter Ions: ddintensitv) 

127(168) 173(134) 145(113) 163(31)' 
145(112) 85(62) 127(36) 91(24): 
73(44) 98(42) 144(42) 89(26)' 
98(273) 116(114) 70(57) 106(52) 
85(77) 127(47) 99(34)' 73(31)* 
73(223) 98(89)' 74(79)' 
72(92) 98(70\ 73(571' 
7 3 i l h )  9&?3)'' ' 
108(26) 80(26) 125(7) 
85(Zo).98(7) i25(7j ' 
97(4%) 69(45) 125(11) 
98(281) 95(53) 80(48) 70(42) 97(41) 
97(121) 98(46) 80(41) 69(18) 81(11) 70(11) 

98(20) 80(16) 97(14) 125(9)' 108(7)' 
97(59) 98(22) 80(13) l Z ( l 0 )  108(7)' 

97(179) 98(45) 80(35) 69(33) 
97(109) 98(61) 69(25) 80(24) 70(16) 111(15) 
45(533) 43(259) 42(48) 16(36) 15(12) 

31(650) 32(477) 30(298) 29(75) 45(8) 15(6) 
45(1700) 44(381) 31(202) 32(142) 43(80) 
42(124) 31(60) 30(11) 
42(108) 31(73) 32(32) 45(16) 43(9) 30(8)' 

97(34) 80(21) 98(12) 108(12)' 

32(1200) 31(873) 45(88) 43(35) 29(34) 42(32) 

These peaks have low signal-to-noise and their identification as daughters should be considered 
tentative. 
'trihydroxybenzene 
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Table 2. Significant differences in the relative yields of pyroiySis products in regular (I,,,,,) and W,- 
enriched (Ilrn& Acetobacter cellulose. Each sample was run in triplicate and analysis of variance 
was performed to determine the degree of statistical significance (F-ratio, Level of Significance: 21.2,1%, 
12.2,2.5%; 7.71,.5%). The difference between these values shows the effect of enrichment. Simulated 
values (Ilrnh)s) are presented as if each mass was enriched by 14% in W,. 

Experimental Simulated 
dz '[rnkp ' [ rnh)E F-ratio (l[mh)R-'[rn/z)€l Irntz)s ('[rnh)R-'cmms) 

43 1.37 1.19 
55 1.37 1.25 
68 1.16 1.08 
90 0.39 0.51 
99 1.35 1.52 
101 0.86 0.72 
103 0.50 0.61 
113 1.36 1.18 
114 202 1.87 
116 1.37 1.52 
126 2.90 2.38 
127 0.56 0.91 
142 0.31 0.22 
144 5.50 4.72 
145 0.84 1.46 
146 0.20 0.29 
163 0.30 0.37 
167 0.22 0.15 
192 0.16 0.23 

37.8 0.18 
6.3 0.12 
5.1 0.08 
7.5 -0.11 

19.0 -0.16 
6.2 0.13 
4.9 -0.11 

23.8 0.18 
6.4 0.16 
9.8 -0.15 
4.8 0.52 

37.7 -0.35 
3.6 0.10 

68.5 0.78 
87.8 -0.62 

3.6 -0.07 
4.1 0.07 

22.0 -0.07 

39.2 -0.09 

1.33 0.04 
1.23 0.14 
1.00 0.16 
0.48 -0.09 
2.38 -1.03 
0.78 0.08 
0.57 -0.08 
1.22 0.14 
1.93 0.09 
1.41 -0.04 
2.53 0.38 
0.89 -0.33 
0.27 0.04 
4.76 0.75 
1.49 -0.65 
0.29 -0.09 
0.30 0.00 
0.20 0.02 
0.17 -0.01 

Table 3. Significant differences in the relative yields of pyrolysis products in regular and "C,enriched 
Acetobacter cellulose treated with 0.1% KOH. See Table 2 caption for details. 

I[m/z)R 

29 1.49 
45 0.96 
57 3.14 
68 1.00 
74 1.43 
85 252 
97 1.80 
98 3.58 
126 3.35 
127 0.59 
142 0.26 
144 0.80 
145 0.43 
190 0.15 
191 0.14 

Experimental 
'(rn/zE F-ratio ('[mh)R-l[rnh)R 

1.65 5.3 -0.16 
1.26 5.4 -0.30 
2.83 21.1 0.3 1 
0.86 19.7 0.14 
1.30 18.2 0.13 
236 19.0 0.16 
1.60 6.0 0.19 
3.32 18.1 0.25 
260 11.8 0.74 
0.95 34.4 -0.36 
0.21 41.7 0.04 
0.48 20.5 0.32 
0.33 5.3 0.10 
0.20 7.9 -0.06 
0.17 120. -0.04 

Simulated 
Irn,, ('[rnm~Iimh)s) 

1.50 -0.01 
1.44 -0.48 
2.87 0.27 
0.91 0.09 
1.60 -0.17 
2.43 0.09 
1.71 0.08 
3.33 0.25 
2.93 0.41 
0.97 -0.39 
0.24 0.02 
0.71 0.09 
0.48 -0.05 
0.14 0.01 
0.14 -0.00 
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CHARACTERIZATION OF LIGNOCELLULOSIC MATERIALS AND MODEL 
COMPOUh’DS BY COMBINED TG/(GC)/FTTZ(/MS 

Jacek P. Dworzanski, Richard M. Buchanan, John N. Chapman 
and Henk L.C. Meuzelaar 

Center for Micro Analysis and Reaction Chemistry 
The University of Utah, Salt Lake City, UT 84112 
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lignins, wood 

INTRODUCTION 

Thermal analytical methods have been widely used during the last two decades in the study of 
biomass thermochemical conversion processes [l-41. Biomass, which represents a renewable energy 
resource, consists primarily of plant cells differentiated into characteristic tissues and organs. 
Lignins, hemicelluloses and cellulose, as the main components of the cell walls, were therefore 
extensively analyzed, especially from the point of view of their thermochemical reactivity, which is 
of basic importance for industrial processing of biomass [3]. 

All types of cellulose microfibrils are composed of linearly linked fl-(1-->4)-D-glucopyranose units 
and differ only by the degree of polymerization. The remaining polysaccharides are known 
collectively as hemicelluloses and exhibit species related composition. These amorphous, complex 
heteropolymers characterized by a branched molecular structure exhibit a lower degree of 
polymerization than cellulose. Xylan is the predominant hemicellulose component of angiosperms 
(“hardwoods”) whereas mannan forms the main hemicellulose of gymnosperms (“softwoods”). The 
third principal component of biomass, viz. lignin, is an irregular, high MW polymer formed by 
enzyme-initiated, free-radical polymerization of coniferyl alcohol (in hardwoods), coniferyl plus 
sinapyl alcohols (in softwoods), or coumaryl alcohol plus both above mentioned alcohols (in grasses) 
[SI. Lignins act as binding agents for the cellulose and hemicellulose fibers through a variety of 
linkages involving ether and carbon-carbon bonds of aromatic rings and propyl side chains. 

Thermochemical conversion processes of lignocellulosic materials have been studied using mainly 
thermogravimetry (TG) [6]  or flash pyrolysis (Py) followed by gas chromatographic (GC) separation 
and identification of the reaction products [l]. Modem analytical techniques based on coupled Py- 
GC/mass spectrometry (Py-GC/MS) [7] or direct Py-MS [2,8] as well as TG/MS or TG/infrared 
spectroscopy (TG/IR) [4] have proved to be especially useful for elucidating the relationships 
between biomass structure and pyrolysis/devolatilization mechanisms. 

A novel TG/(GC)/FTIR/MS system developed at the’university of Utah, Center for Micro Analysis 
and Reaction Chemistry [9] provides the opportunity for combining accurate weight loss 
measurements with precise information about composition and evolution rates of gaseous and liquid 
products as a function of temperature. In this paper, the usefulness of TG/FTIR/MS, TG/GC/MS and 
TG/GC/FTIR for thermochemical characterization of wood, lignins and cellulose will be discussed. 

’ 
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EXPERIMENTAL 

The TG/FTIR/MS system consists of a Perkin Elmer model 7 Thermogravimetric Analyzer with high 
temperature furnace controlled by an IBM compatible PC and interfaced to a Hewlett-Packard 
GC/IRD/MSD system (GC - model 5890.4, IRD - model 5965A and MSD - model 5971A) controlled 
by HP 9000 computers (Figure 1). As shown in Figure 1 a specially constructed, heated transfer line 
assembly allows direct coupling of the TG system to the GC injection port with the GC oven acting 
as a convenient heated coupling and flow distribution module. In order to make an efficient TG/GC 
interface, a 0.53 mm I.D. ("megabore") deactivated fused silica capillary column is used to transfer 
TG effluents to the GC oven. On the TG side this column protrudes several centimeters into a 1 mm 
i.d. quartz tube which, in turn, extends into the high temperature furnace to within 1 cm of the 
sample crucible. Both the outlet of the ceramic furnace tube and the quartz tube are vented by means 
of needle valves. The quartz tube may be also backflushed with helium to prevent air from entering 
the MSD vacuum system when the TG furnace is open or not yet purged. Inside the GC oven this 
capillary terminates with a splitter which provides 90 % of the total flow to the IRD and 10% to the 
MSD instrument. In order to enable GC separations of the TG effluent the capillary transfer line 
terminates within a specially designed repetitive vapor sampling inlet inside the GC oven. This inlet 
leads, in turn, lo either (or both!) the IRD or MSD modules via a short (ca. 2 m) capillary column. 
The switching action of the repetitive sampling inlet causes diversion of the "protective" helium gas 
flow (see Figure 1) allowing only a short (1-2 sec long) burst of TG effluent to enter the column for 
further GC separation of the various components and subsequent spectroscopic (MS and/or IR) 
identification. 

Samples A steam explosion lignin prepared from Yellow Poplar wood (Liridendron tulipifera) was 
isolated by extraction with sodium hydroxide followed by acid precipitation. This sample was 
donated by Professor Wolfgang Glasser of the Biobased Materials Center at Virginia Tech., in 
Blacksburg, VA. Douglas fir wood was air dried and analyzed as tiny particles obtained by scratching 
a piece of wood with a blade. 

RESULTS AND DISCUSSION 

Figure 2 summarizes some of the results obtained by TG/FTIR/MS analysis of steam explosion 
Yellow Poplar lignin. In Figures 2b and h the TG weight loss and the differential thermogravimetric 
(DTG) curves are presented at a heating rate of 15 C/min in helium atmosphere. These graphs reveal 
the onset of weight loss near 150 C, with a peak of maximum rate of weight loss at 350 C which 
follows two shoulders at 160 C and 230 C and preceeds a third around 420 C. Avefaged mass 
spectra and infrared spectra of all products evolved during the course of the TG experiment are 
shown in Figures 2a and g, respectively. Inspection of the MS spectrum indicates the presence of 
components associated with the monomethoxy series: guaiacol {m/z 124 (M') and m/z 109 (M' - 
15)}, 4-methylguaiacol {m/z 138 (M') and m/z 123 (M* - 15)}, 4-vinylguiacol {m/z 150 and m/z 
135}, vanillin {m/z 152) and isoeugenol {m/z 164). The components associated with the dimethoxy 
series are syringol {m/z 154 (M+) and m/z 139 (M' - 15)}, 4-methylsyringol {m/z 168 and m/z 153}, 
4-vinylsyringol {m/z 180}, syringaldehyde {m/z 182) and 4-(l-propenyl)-syringol {m/z 194). These 
series of ions are typical for thermal degradation products obtained by pyrolysis of hardwoods or 
their lignin components [Z]. In Figures 2e and f the comparative rates of evolution of guaiacol and 
syringol are shown as well as 4-methylguaiacol and 4-methylsyringol, respectively. The trace shown 
in Figure 2k demonstrates the profile of the components exhibiting characteristic alkyl-aryl ether 
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stretching vibration in the 1260-1290 cm.' region, typical for mono- and di-methoxy phenols, e.g., 
building blocks of lignin. Our technique enables also the detection of minor contaminants in lignin 
samples and profiles of the ion m/z 114 (Figure 2d) as well as the trace at 1184 cm-' (Figure 2j), 
Characteristic for C - 0  stretching vibrations of lactones, strongly suggest the presence such structures 
as 3-hydroxy-2-penteno-1,5-lactone (M.W. 114) a carbohydrate "marker" from thermal dissociation 
of xylanes [lo] which may be utilized for quantification of hemicellulose residues in lignin 
preparations. The total ion current (Figure 2b - TIC) and total absorption (Figure 2h - TAP) profiles 
of the thermal breakdown products released during the TG experiment reveal substantial differences 
in shape compared to the recorded DTG curve. This is primarily due to the tuning of the MSD 
instrument for higher masses as well as due to the fact that a high percentage of the weight loss is 
caused by low molecular weight components (H,O, CO, CO,, MeOH) as demonstrated by the 
averaged IR spectrum shown in Figure 2g. Nevertheless, the rate of evolution profiles are virtually 
the same (compare curves in Figures 2c and i for COJ, hence stronger responses for higher masses 
facilitate monitoring of high MW components. 

Any ambiguities which inevitably arise in regard to the identity of particular components may, to a 
large extent, be overcome by GC preseparation of thermal dececomposition products. The 
TG/GC/MS/IR system is capable of separating major products, while still allowing characterization 
of the evolution profile for particular components, as illustrated in Figures 3 and 4. This enables 
inspection of selected spectra, providing the way for unequivocal identification and chemical 
interpretation of thermal processes occurring during the TG experiment. In the TG/GC/MS run of 
Douglas fir wood vapor samples were taken at 1 minute intervals, so profiles for each GC peak can 
be followed by identifying peaks with the same GC retention time. This task is greatly facilitated by 
the selection of characteristic ions at m/z 114, 98, 109 and m/z 138, as shown in Figures 3 b-e. The 
mass spectrum of the component eluting at 8.31 rnin is shown in Figure 3f and contrasted with a 
library spectrum of 3-hydroxy-2-penteno-1,5-lactone (Figure 3j), a typical thermal fragment of the 
pentose moieties. The mass spectrum of the component taken 11.21 min (Figure 3g) shows spectra 
of polyhexosc pyrolysis products, viz. furanone-2 (M.W. 84) and 5-methylfuranone-2 (M.W. 98) 
which are the products of depolymerization and further decomposition of cellulose [ l l ] .  For the 
temperature range 350-450 C profiles taken at m/z 109 and m/z 138 can be fully confirmed as 
representing guaiacol and methylguaiacol fragment and molecular ions, respectively, derived from 
lignin. This is clearly shown by comparison of the mass spectra taken at 11.53 min and 12.99 min 
with library spectra (Figure 3). 

Results of the TG/GC/IR analysis of Douglas fir wood are reported in Figure 4. In Figure 4 a TG 
and DTG curves are contrasted with total absorption chromatogram (TAC) profiles recorded at 1 
minute intervals each minute after "injection" of the TG vapors, wheras the averaged FTIR spectrum 
of all volatile components is shown in Figure 4b. This spectrum reflects the complex composition 
of the pyrolysis products and is dominated by gases with strong absorption coefficients, such as CO,, 
CO and H,O, thereby complicating individual band assignments and chemical interpretations 
concerning any additional minor components. In Figure 4c a detailed view of an expanded section 
of the chromatograms shown in Figure 4a is presented (8-24 mins) and the presence of numerous 
series of peaks is demonstrated. At  24 s retention time a set of chromatographic peaks exists which 
reach maximum intensity at 11 min. TG run time (265 C). The spectrum of this component contains 
a strong absorption band at 1184 cm", the selected wavenumber chromatograms of which are shown 
in Figure 4d, indicating the presence of the C-0  stretching vibrations of lactones. In addition to the 
profiles of these main components, showing the correspondence to the 3-hydroxy-2-penteno-lS- 
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lactone from hemicelluloses, there are also two additional sets of peaks at retention time 7 s and 
maximum rate of evolution at 13 min. (295 C) as well as at 40 s and maximum evolution rate at 16 
min. (340 C). The last profile clearly exhibits an evolution maximum that is coincident with a profile 
shown in Figure 4e. The components characterized by retention times approx. 30 s and strong 
absorption at 1810 cm-1, typical for carbonyl absorption of unsaturated lactones, confirm the 
presence of 2-furanones generated during the thermal breakdown of celllulose. Finally, the third 
major stage in the pyrolysis of wood is seen in the occurrence of components reaching peak 
evolution rates in the 17-18 min run time (355-370 C) range and decreasing relatively slowly 
afterwards. Strong absorption bands near 1500 cm.' and just below 1300 cm" indicate the presence 
of phenol and aryl-alkyl ethers functionalilies, as would be expected from the breakdown products 
of lignin. An infrared spectrum of such component taken at 42 s after sampling (marked with asterisk 
in Figure 40 is shown in Figure 4g and is contrasted with a F H R  reference spectrum of guaiacol, 
presented in Figure 4h. 

Characteristics of this technique combine precise temperature information and accurate weight loss 
with detailed MS and IR response profiles thereby providing detailed information about the 
mechanisms and kinetics of thermal degradation processes. Chemical interpretations of the' 
components evolved during heating of lignocellulosic materials under a helium atmosphere are 
greatly facilitated by inspection of the infrared-and mass spectra, if necessary after GC preseparation. 
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Figure 2. TG/FTIR/MS analysis of steam explosion lignin from Yellow Poplar wood: (a) the 
averaged MS spectrum of thermal degradation products; @) TG, DTG and total ion profiles (TIP) 
of the degradation products; TG heating rate: 15 C h i n ;  (c)-(f) selected ion profiles indicating the 
evolution of CO, (c); 3-hydroxy-2-penteno-1,5-lactone (d); guaiacol (m/z 124) and syringol (m/z 154) 
(e); 4-methylguaiacol (m/z 138) and 4-methylsyringol (m/z 168) (9; 
(9) the averaged FTIR spectrum of thermal degradation products; (h) TG, DTG and the total 
absorption profiles (TAP) of the thermal degradation products; (i)-(I) selected wavenumber profiles 
indicating the evolution of CO, (i), lactones (j), alkyl-aryl ethers (IC) and methanol (I). 
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Figure 4. TG/GC/IR analysis of Douglas fir wood: (a) TG, DTG and the total absorption 
chromatogram PAC) profiles of the thermal breakdown products sampled at 1 minute intervals, TG 
healing rate:lS C h i n ;  @) the averaged FHR spectrum of all volatile degradation products; (c) the 
expanded section of the total absorption chromatogram shown in (a); degradation products from 
hemicellulose (- -), cellulose (-.-) and lignin (-); (d) - (f) selected wavenumber chromatographic 
profiles [(d) at 1184 cm-' (lactones derived from hemicellulose), (e) at 1810 cm-' (furanones derived 
from cellulose), (9 at  1506 cm.' ( phenols derived from lignin)]; (9) FTIR spectrum of the unknown 
component (*) taken at 18.70 min and corresponding to the phenols derived from lignins (---) 
compared with the reference spectrum of guaiacol 0). 
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INTRODUCTION 

A major bottleneck in the development of novel coal characterization methods, such as 
laser pyrolysis GC/MS, capable of analyzing individual coal particles, is the unavailability of 
suitable standard samples. Although carefully homogenized and characterized standard coals are 
now available through the Argonne National Laboratory Premium Coal Sample Program (ANL- 
PCSP) such "statistically homogeneous" coal powders are of limited value as reference materials 
for single particle analysis methods. Even if it would be feasible to prepare particles of closely 
similar chemical composition and size, e.g., by using highly concentrated coal maceral fractions 
and careful sieving, remaining variations in shape, density, porosity or thermal conductivity could 
still introduce an unacceptably high level of uncertainty for most optimization and calibration 
purposes. 

In an attempt to find model coal char particles with well defined chemical [1,2] and 
physical properties, e.g., for the purpose of modeling char oxidation reactions, several authors 
have used SpherocarbB particles. Flagan et al [3] have even prepared spherical char particles 
spiked with mineral matter components in order to more closely mimic actual coal char particles. 
Although Spherocarb particles still show considerable variability with regard to size (rel. s.d. 
-20% on a volume basis), other characteristics such as shape, density, porosity, thermal 
conductivity and chemical composition are assumed to be quite constant. 

Unfortunately, Spherocarb particles are of little value for modeling coal devolatilization 
reactions due to their very low volatile matter yields. This prompted us to think of ways to 
increase volatile matter yields by introducing a variety of model compounds, ranging from low 
molecular weight, bitumen-like components lo polymeric materials such as soluble lignins or 
resins. To the best of our knowledge this article represents the first reported use of bitumen and 
polymer impregnated Spherocarb particles for modeling devolatilization processes in individual 
coal particles. 
EXPERIMENTAL 

Bitumen-like low MW compounds, consisting of a mixture of alkylnaphthalenes prepared 
by open column LC subfractionization of a coal pyrolyzate, [4] with additional 1-3 ring 
alkylaromatics and hydroxyaromatics added in later were impregnated into a small batch of 
Spherocarb particles, in the 125-150 pm dia. size range from a 8 mg/ml solution in methanol, 
followed by evaporation of the solvent at room temperature. The average amount of bitumen 
adsorbed by each particle was estimated to be approx. 70 ng. Soluble polymeric materials, such 
as steam-exploded cottonwood lignin and fossil resin derived from Utah (Blind Canyon seam) 
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coal were impregnated from 8 mg/ml solutions in 2 1  methanol/dichloromethane and toluene, 
respectively. Assuming complete absorbtion of the polymers into the Spherocarb particles the 
maximum average amount of polymer per particle was estimated at 70 ng. Experiments with 
actual coal particles in the 100-150 pn size range, prepared by careful sieving, involved Illinois 
#6 coals from the ANL-PCSP program. 

Laser pyrolysis gas chromatography/mass spectrometry (laser Py-GC/MS) experiments 
were performed with two different experimenlal configurations as shown in Figures l a  and l b  
respectively. The first experimental set-up (Figure la)  has been described before in more detail 
[SI and consists of an EDB (electrodynamic balance), a 50 W cw CO, laser and a Finnigan MAT 
ITMS system. The EDB type particle levitation cell was constructed in such a way as to provide 
line-of-sight access to the center of the cell for the two opposing CO, laser beams as well as for 
a stereo microscope and a twocolor optical pyrometer. Typical cell operating parameters for 
levitating a 120 pm dia. Spherocarb particle are: ring electrode 3000 V (60 Hz ac), upper end cap 
+lo0 V dc, lower endcap  -100 V dc. A second, novel experimental set-up (Figure lb)  uses 
copper electron microscopy grids with 45 x 45 pm openings separated by 5 pm thick bars (78% 
open, see Figure 2) to support individual coal particles in a downward directed flow of air or 
inert gas in the center of two CO, laser beams crossing at a 37" angle. Since the grids are 
mounted directly against the mouth of the sampling inlet, yields of volatile products are 
maximized. Furthermore, introducing, positioning, stabilizing and retrieving individual particles 
is greatly simplified compared to the set-up in Figure la,  while conductive heat losses may be 
assumed to bc minimal in view of the light construction of the grid. 

The cw CO, laser (Apollo 3050 OEM) is capable of electronic pulsed beam operation. 
The 8 mm dia. beam is split equally into 2 separate beams focussed at the center of the levitation 
cell or grid (beam waist ca. 400 pm, typical power densities 4-10 MW/m'). A co-linear, parfocal 
HeNe laser beam permits positioning of the particle in the center of the CO, laser beam. Two IR 
detectors measure integrated pulse energy and time-resolved pulse energy, respectively. 

Finally, a heated fused silica capillary GC column (2m x .18 mm DB5) equipped with a 
special air sampling inlet enables intermittent sampling of volatiles from the center of the 
levitation cell or grid into the ITMS vacuum system while providing a highly useful degree of 
GC separation. During a typical run the GC column is ballistically heated from 50 C to 200 C in 
approx. 2 minutes. 

RESULTS AND DISCUSSION 

The novel laser pyrolysis G C N S  configuration shown in Figure lb,  in which coal and 
Spherocarb particles arc supported on ultralight electron microscopy grids (Figure 2), promotes 
efficient collection of volatile pyrolysis products. As shown in Figure 3, this results in high 
quality Py-GC/MS profiles of single coal particles. Nevertheless, due to the inherent 
heterogeneity of individual coal particles with regard to physical and chemical characteristics, 
marked differences in absolute and relative yields of pyrolysis products are observed during 
successive analyses of actual coal particles, e.g. for the purpose of kinetic studies, as shown in 
Figure 4. 
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This prompted us to use Spherocarb particles spiked with known quantities of low MW 
bitumen-like substances (Figures 5 and 6) or soluble polymeric substances, such as lignin (Figure 
7) and fossil resin (Figure 8). Laser desorption studies of bitumen-like substances, composed of 
alkynaphthalenes and other 1-3 ring alkylaromatics (Figures 5 and 6), are relevant in view of the 
well known presence of significant quantities of thermally extractable bitumen in many low or 
medium rank coals [6]. As illustrated in Figure 5 ,  kinetic studies of bitumen release rates from 
Spherocarb particles as a function of laser pulse length do indeed show a markedly constant 
relative abundance of major bitumen components. 

Since the bulk of the coal components undergoing devolatilization reactions consists of 
nonvolatile, macromolecular compounds which undergo bond scission reactions in addition to the 
thermal desorption behavior exhibited by low MW, bitumen-like compounds, it is desirable to 
work with polymeric materials when modeling coal devolatilization processes. Ideally, one 
would like to introduce high MW coal components, e.g., obtained by solvent extraction of 
suitable coals into the Spherocarb particles. Unfortunately, it tends to be quite difficult to remove 
effective solvents such as pyridine from these extracts, let alone from a strongly adsorbing 
Spherocarb matrix. These considerations led us to focus on soluble model polymers rather than 
on high MW vitrinite components. Because of its chemical resemblance to vitrinite components 
in peats and low rank coals, we chose a soluble lignin. Secondly, we  selected a fossil coal resin, 
which appears to be the only high MW coal component readily soluble in common organic 
solvents. 

Both the lignin and the resin are known to depolymerize readily under typical pyrolysis 
conditions, thus producing mixtures of characteristic building blocks. As expected from a 
hardwood lignin [7] the cottonwood lignin sample produces both guaiacylic (e.g., m/z 124, 138, 
152) and syringylic (e.g., m/z 154) building blocks (see Figure 7). Similarly, the Blind Canyon 
seam resin, known to consist primarily of polymeric sesquiterpenoids [SI, produces a 
characteristic series of sesquiterpenoid building blocks as shown in Figure 8, ranging from 
cadinenes (m/z 204) through the partially aromatized calamenes (m/z 202) to the fully aromatized 
cadalene (m/z 198). It should be noted here that the resinite pyrolysis patterns shown in Figure 8 
appear to be more simple than those. obtained by conventional pyrolysis GC/MS techniques. 
Whether this is due to selective loss of less stable pyrolysis products in the Spherocarb particles 
or IO differences in primary pyrolysis mechanisms at the much higher heating rates achieved by 
the CO, laser (10'-ld Wsec) needs to be investigated further. 

Although the experiments with polymer impregnated Spherocarb particles are still in a 
relatively early stage, the selected ion chromatograms in Figures 7 and 8 demonstrate that it is 
indeed possible to introduce readily detectable amounts of such polymers. Unknown at present, 
however, are the answers to the following fundamental questions: 

(1) 
(2) 

(3) 

(4) 

what is the maximum weight % of polymeric materials that can be introduced; 
how can the amount of polymeric material adsorbed into each Spherocarb be conveniently 
controlled and measured; 
to what extent does the Spherocarb matrix influence the devolatilization mechanisms and 
kinetics; and 
are polymer impregnated Spherocarb particles well enough defined to achieve the desired 
reduction in interparticle heterogeneity during devolatilization experiments? 
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The primary objective of several experiments currently underway in our laboratory is to 
find answers to the above questions. 

CONCLUSIONS 

The feasibility of producing bitumen and polymer impregnated Spherocarb particles for 
coal devolatilization modeling experiments has been established. Bitumen-impregnated 
Spherocarb particles show a markedly decreased level of interparticle heterogeneity compared to 
actual coal particles. Spherocarb particles impregnated with (soluble) polymeric materials 
produce readily detectable volatile products thought to represent characteristic building blocks 
produced by bond scission reactions. Although the "volatile matter enhanced" Spherocarb 
particle approach appears to offer promise for modeling coal devolatilization reactions, several 
fundamental questions regarding the quantilative and qualitative behavior of such systems remain 
to be answered before this approach can be recommended as a general tool for devolatilization 
studies in individual coal particles. 
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Figure 5. Laser desorption GC/MS profiles of a single Spherocarb particle impregnated with a 
mixture of bitumen-like compounds. Note separation of various alkylaromatic isomers. 
Experimental configuration as  in Figure la. 
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INTRODUCTION 

There is a substantial body of literature concerning the identification of 
microorganisms by mass spectrometry (1-ll), however, little has been done to identify 
bacteria in complex variable backgrounds. Several sample introduction and ionization 
methods have been used for mass-spectrometric analysis of bacteria. Sampling methods 
may be classified as either direct or indirect, depending on whether whole organisms or 
extracts are used in the analysis. Of the direct sampling methods, pyrolysis is the most 
frequently used, although recently FAB methods utilizing whole cells have been shown to 
be useful for identifying microorganisms (12-13). Pyrolysis has been used with direct 
introduction of pyrolysate to the ionizer (Py-MS, Le., pyrolysis in vacuo) and also in 
conjunction with gas chromatography (Py-GCMS). Both electron ionization and chemical 
ionization have been used in Py-MS and Py-GCMS analyses. 

The simplest and most rapid of these methods is direct Py-MS with electron 
ionization. The Py-mass spectra, however, are generally quite complex and do not easily 
lend themselves to chemical interpretation. On the other hand, Py-GCMS allows 
identification of the chemical components of cellular material, hence, specific biomarkers 
may be found (1,10,14). The presence of such compounds may be  used to 
unambiguously identify target materials, even in complex backgrounds. 

Tandem mass spectrometry adds a dimension to traditional Py-MS which permits 
identification of specific compounds in a pyrolysate ($11). The purpose of the present 
research was to determine the feasibility of using Py-MS/MS to detect bacterial 
biomarkers in complex backgrounds of particulate material. 

EXPERIMENTAL 

Measurements were obtained with an Extrel Model EL-400 triple quadrupole 
mass spectrometer fitted with a Curie-point pyrolysis inlet (11). Daughter ion spectra 
were collected for m/z 79, 111, 117, 126, and 135. These ions were chosen based on our 
experience with the samples. The samples used are described in Table 1. All samples 
were suspended in methanol at about lmdml. Approximately 10 pL of each suspension 
was applied to 610°C Curie-point wires, and the solvent evaporated under a stream of 
hot air. 
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Multivariate statistical analyses were carried out with the RESOLVE program 
(15). Each Py-MS spectrum was collected as a set of raw intensities. Prior to principal 
components analysis, the data were normalized to constant length. The results, displayed 
as Karhunen-Loeve (K-L) or principal components plots, show the distribution of the 
samples in the multivariate mass spectral space. Factor spectra for the components were 
also derived. Factor spectra show the correlations (positive and negative) of mass 
spectral peaks with directions in the principal component space. 

RESULTS AND DISCUSSION 

In previous experiments (unpublished), we found that the Py-MS patterns of 
bacteria could vary more within strains of a given species than between different species. 
For example, the intensities of m/z 52 and 79 varied drastically among strains of B. 
sub/ilis and B. lichenifomis. Strains showing large m/z 79 and 52 peaks were sporulated, 
while other strains were vegetative cells. We postulated that the m/z 79 and 52 peaks 
were markers for sporulation. The daughter ion spectra of m/z 79 for the test samples 
(Figure 1) showed that m/z 52 is a strong daughter of m/z 79 for the bacteria, while 
samples such as fog oil and diesel smoke showed virtually no m h  52 as a daughter of m/z 
79. 

The principal components plot shown in Figure 2a separates the B.g. spores and 
B. acbiilis from the rest of the samples. The factor spectrum generated for principal 
component 2 (Figure 2b) shows peaks at  m/z 52 and 79 positively correlated with the B.g. 
and B. subtilis samples, while peaks at m/z 5 1  and 77 are positively correlated with the 
remainder of the samples. 

Sporulating bacteria produce large quantities of picolinic acid (2-pyridine- 
carboxylic acid) which forms the hardened "shell" of the spores. The EPADJIH library 
spectrum (16) of picolinic acid (virtually identical to that of pyridine) shows large peaks 
at m h  79 @e., pyridine molecular ion) and m/z 52. 
pyridine and picolinic acid are  so similar, it is not possible to determine which of these 
species is liberated upon pyrolysis. It is clear, however, that the presence of picolinic 
acid in the spores is responsible for the separation seen in the K-L plot. 

Because the mass spectra of 

The negative correlation of peak m/z 77 with the sporulated organisms indicates 
that this peak is more intense (relatively) in the other samples as is obvious by inspection 
of Figure 1. In order to determine the chemical species responsible for the peak at m/z 
79 in samples other than sporulated bacteria, parent ion spectra of m/z 79 were collected. 
The parent ion spectrum of m/z 79 for diesel smoke is shown in Figure 3. This spectrum 
is quite complicated and it appears that at least three compound classes are present. 
The peak at  m/z 94 appears to be due to alkylcyclodienyl hydrocarbons (e.g., 
methylcyclohexadiene). The m/z 105 peak may be due to alkyl benzaldehydes (e.g., 2,6 
dimethylbenzaldehyde) and the series of peaks at  m/z 107, 121, 135 and 149 are probably 
produced by a series of alkyl phenols. Although these identifications are tentative (based 
on a comparison of EPADJIH library spectra with the parent and daughter spectra) each 
of the compound types listed above show a significant m/z 77 peak as well as an m/z 79 
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peak. It is clear that many compounds contribute to the peak at  m/z 79, however, 
sporulated bacteria are easily identified by the presence of large quantities of picolinic 
acid, as reflected in the intense m/z 52 peak in the daughter spectrum of m/z 79. 

Representative spectra of daughter ions of m/z 117 are  illustrated in Figure 4. 
The major peaks appearing in these spectra are m/z 89, 80, 91, 115 and 117. The K-L 
plot in Figure Sa shows scores of the samples on the first two principal components. The 
fog oil, wood smoke, and diesel smoke samples are clearly separated from the other 
samples, all of which contain protein. The factor spectrum associated with this 
separation (Figure 5b) shows two distinctive patterns; one correlated with the fog oil and 
smokes shows large peaks at m/z 91 and 115 while the other pattern (negative direction) 
has strong peaks at m/z 89 and 90. The spectrum in the negative direction is that of 
indole, a known pyrolysis product of proteins containing the amino acid tryptophane. 
The peaks at m/z 91 and 115 are probably due to unsaturated alkyl aromatic compounds, 
for example, 2-methylbutenylbenzene. The daughter ion spectrum of m/z 117 appears to 
contain markers for the presence of protein in a sample. 

We have observed that the base adenine (MW 135) is liberated by pyrolysis of 
DNA. It was postulated that adenine could be used as a marker for organisms since all 
living material contains nucleic acids. The daughter ion spectra in Figure 6 are 
representative of the sample set. The K-L plot in Figure 7a shows a distribution of 
samples in the Component 2 direction with wood smoke, fog oil, and diesel smoke at one 
extreme and E. coli and MS-2 coliphage at the other. The factor spectrum associated 
with Component 2 (Figure 7b) indicates the presence of adenine (m/z 108) in the 
negative direction, and a series of alkyl phenols (m/z 107, 93, 79, etc.) in the positive 
direction. The parent ion scan of m/z 135 for diesel smoke shows a homologous series of 
alkyl chain lengths (of an alkyl phenol) extending up to a t  least 290 amu (a C14 alkyl 
6'0UP). 

The daughter ion spectrum of m/z 135 indicates the presence of nucleic acids by 
the appearance of an m/z 108 peak. This suggests that the daughter ion spectrum of m/z 
135 may be used to determine the presence of living material (or recently living material) 
in an aerosol sample. This would provide a useful branch point for a decision tree; if 
adenine is not present, there is no bacterial threat. 

Daughter ion spectra were also collected for m/z 111, 126, and 128. In each case 
there were clear separations of background materials (i.e., fog oil, diesel and wood 
smoke) from the targets (i.e., MS-2 coliphage, E. coli, B.g. spores, etc.). The factor 
spectra associated with these separations, however, were quite complex and could not be 
interpreted chemically with a high degree of confidence. For example, factor spectra for 
the daughters of m/z 126 showed correlations of peaks with fog oil that indicated the 
presence of unsaturated hydrocarbons (probably nonene). The spectra associated with 
other samples, however, could contain contributions from nucleic acids (thymine), 
proteins, and carbohydrates (methylhydroxypyranone). 
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CONCLUSIONS 

The feasibility of using pyrolysis-tandem mass spectrometry to identify biomarkers 
in complex backgrounds has been demonstrated. Three markers for biological substances 
have been identified. Adenine, a marker for nucleic acids and hence all living material, 
is detected in the daughter ion spectrum of m/z 135. The presence of protein in a 
sample may be inferred from the daughter ion spectrum of m/z 117, which indicates the 
presence or absence of indole, a product of pyrolysis of proteins containing the amino 
acid tryptophane. Pyridine, from picolinic acid, is seen in the daughter ion spectrum of 
m/z 79. This is a marker for the presence of sporulated bacteria. These ions obviously 
do not solve the problem of identifying specific organisms in ambient samples. There are 
however hundreds more ions to be studied, and if biomarkers are present in the 
pyrolysates, Py-MSMS has the capability of finding them. 
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Table 1. Samples used in the study 

Substance 

Fog oil 
Wood smoke 
Diesel smoke 
Grass pollen' (Secale cerole) 
Dry Yeast 
Aldolase 
MS-2 coliphage 
E. coli 
B. subtilis (sporulated) 
8. globigii spores (B. subtilis var. niger) 

Category 

f 

d 
P 
Y 
a 
m 
e 
b 
g 

W 

745 



B. globigii spores 

B. sub& (BO095 Spores) 

Diesel Smoke 

M h  

Figure 1 .  S e l e c t e d  daughter i o n  
spectra fo r  mtz 79 .  

Diesel Smoke 
Parents of m/z 79 

1 

CDmm 1 

Figure 2. P r i n c i p a l  components p l o t  
(a) and f a c t o r  spectrum (b) for 
daughters of  m/z 79.  

Figure 3 .  Parent i o n  spectrum of d i e s e l  
smoke f o r  m/z 79. 
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M / Z  
Figure 4 .  Se lec ted  daughter i o n  s p e c t r a  f o r  m/z 117  

1 

Figure 5 .  P r i n c i p a l  components p l o t  ( a )  and 
f a c t o r  spectrum (b) for daughters o f  m/z 1 1 7 .  
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1 0  1 0  I D  

Dry yeast 

Figure 6 .  S e l e c t e d  daughter i o n  spectra  f o r  n/z 135. 

PRINclPAL COMPONENT 2 
I 

Figure 7 .  P r i n c i p a l  components p l o t  ( a )  and 
f a c t o r  spectrum (b) f o r  daughters o f  m/z 135 
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ABSTRACT 

Recent analytical developments now allow determination of the stable carbon isotopic compositions of 
individual compounds eluting from a capillary gas chromatography column. 'This study describes compound- 
specific isotope measurements made on aliphatic hydrocarbon products from flash pyrolysis (8Oo0C, 20s) of 
kerogens representing a range of depositional environments and ages. The carbon isotopic cornpositions of the 
major aliphatic pyrolysis products (n-hydrocarbons, acyclic isoprenoids and hopanoids), calibrated against 
those of deuterated n-alkane internal standards, were typically measurable to within k0.50/00. The data show 
that for a given sample, n-alkenes and n-alkanes generally display rather similar values to one another 
irrespective of carbon number, suggesting a cummOn (bio)polymeric origin. In several cases the average values 
also reflect the Corresponding 613C nX: value, indicating that (for these samples) the n-hydrocarbons are 
derived from structurally important, or at least isotopically representative, components in the kerogen. 
Contrastingly, the isotope compositions of n-hydrocarbons varied substantially between samples (average 
values ranged from - 3 3 O / m  to -14°/m). Differences in isotopic composition were also apparent between the 
compound classes studied (e.g. hopanoids were isotopically lighter than the n-hydrocarbons). 

The data obtained allow new deductions to be made regarding the sourcets) of the precursor components 
in the kerogen and their importance in dictating the overall 813C TOC value. This technique is particularly 
usehl for samples which gives rise to pyrolysis products whose structures are not sufficiently diagnostic to 
distinguish between biological sources. In these instances, isotopic data in combination with structural 
information, may prove invaluable in resolving separate carbon sources. 

INTRODUCTION 

Determination of the sources and composition of kaogen - the insoluble organic matter which is preserved in 
sediments and is ultimately responsible for accumulations of oil and gas - is a major goal in organic 
geochemistry. Kerogens represent a composite of remnants from a wide variety of organisms (algae, bacteria, 
higher plants) derived from both terrestrial and marine sources and reflect these differing inputs in a number of 
ways. 

749 



Of the approaches used in organic geochemistry flash pyrolysis has become widely accepted as a 
technique which can provide important and useful information on the structure and composition of kerogen 
and related geomacromolecules. Much progress has been made in understanding the pyrolysis mechanisms 
involved and in establishing precursor-pyrolysis product relationships for wide range of biomacromolecules 
and associated biochemicals. Pyrolytic markers have been established for the major biochemical precursors 
such as lignid.21, aliphatic biopolymers131, polysaccharides[4~ ctc. as well as materials of secondary origin such 
as sulfur-bound macromolecules[~S1. From such relationships the potential exists to retonstruct the proportions 
of different precursor components from the various biological sources which together comprise the kerogen. 
However, for a large number of sedimentary situations (particularly in diagenetically altered samples) the 
structure of the products generated upon pyrolysis are not sufficiently diagnostic to resolve individual sources. 

Natural variations in the abundance of stable carbon isotopes (as a result of fractionation effects related to 
atmospheric and dissolved Cq equilibria and uptake) potentially may be used to distinguish between carbon 
sources according to depositional environmend91 (e.g. freshwater ocrsus marine) and trophic status[l0l (e& 
aerobic photoautotrophs versus methanotrophs). Applications based on this premise are now well established 
and, typically, the isotopic composition of the gross kerogen is measured (i.e. S13C Tot) for these purposes. 
However, since kerogens are usually Comprised of a wide variety of components derived from potentially 
separate sources, TOC represents d composite value. In order to resolve these separate contributions, the 
isotopic compositions of each of the individual constituents must be determined. 

It has been clear for some time, therefore, that isotopic analyses on a molecular level have the potential to 
provide much more detailed information. As a result of several analytical developments, it is now possible to 
obtain stable carbon isotopic compositions of individual compounds eluting from a G@'-151. Under conditions 
of optimal chromatography (i.c. baseline separation) and optimum sample size (individual peaks yielding I@ 
to Ibg moles CQ) a precision of W.lO/oo is currently attainabld"1. Previously the only practical alternative 
has been to isolate individual organic compounds using laborious fractionation and purification procedures so 
that they could be directly analyzed by isotope ratio m s  specwmetry['6,1~. With this newly available 
technology for on-line determination of the carbon isotopic composition of individual components eluting from 
a gas chromatograph it is now feasible to determine the isotopic compositions of individual pyrolysis products. 

The combination of pyrolysis with compound-speafic isotope analysis therefore holds tremendous 
possibilities for identifying and quantifymg contributions from the various sources according to both structure 
(biwhemical origin) and isotopic composition, with the ability to decouple marine input from terrigenous 
sources reprenting a particularly important application. This paper dexrites preliminary results from a 
study designed to assess the viability and utility of this approach for the characterization of kerogens according 
to organic matter sources and depositional environment. 

EXPERIMENTAL 

Six sediments representing a range of depositional environments (marine, estuarine, lacustrine) and ages 
(Recent to Carboniferous) were chosen for analysis. Selected details are provided in Table 1. Kerogens were 
isolated from the sediments using established HF/HCl procedures and solvent+xtracted prior to analysis. 

Off-line flash pyrolysis experiments were performed on the isolated kerogens using a CDS 120 pyrolyser. 
%mples (I-fmg) mounted in quartz tubes were pyrolyzed (Wc, 20s.) using a coil pymprobe in a stream of 
helium carrier gas. Volatile products were swept h m  a heated zone (2w"C) and trapped in a glass U-tube 
i m m d  in liquid NZ At the end of the pyrolysis experiment the products were retrieved from the U-tube by 
dissolution in a dichloromethane/hexane (1:U and transferred to vials. Purified aliphatic hydrocarbon fractions 
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were isolated from the pyrolyzate by liquid chromatography on short columns (1km x 5mm) containq 
activated silica and alumina using hexane as eluant. 

Compound identification was achieved by conventional Gas Chromatography-Mass Sptrometry (CC- 
MS) using a Carlo Erba 4160 GC interfaced to Finnigan 4500 quadrupole MS (E1 5OeV). 

Compound-specific isotope analysis of the purified pyrolysis products was performed by Gas 
Chromatography-Combustion-Isotope Ratio Mass Spectromehy (GC-C-IRMS). The instmment set-up consists 
of a HI' 5890 GC linked via a combustion interface to a Finnigan Delta-S isotope MS. The interface consisis of 
three major components: a miuo-combustion reactor, a non-cryogenic water extractor and an open split 
interface. As organic compounds elute from the GC they are combusted to C Q  and H20 in the reactor. 
Subsequently water is removed prior to enhy into the mass spectrometer. The entire system is controlled by 
Finnigan ISODAT software. The stable carbon isotopic compositions of components of interest were calibrated 
against those of deuterated n-alkane standards cu-injected with the sample. The isotopic composition of the 
standards was previously determined by conventional sealed-tube combustion. All isotopic compositions are 
quoted relative to PDB. 

The bulk kerogens were also combusted and analysed separately to provide 613C TOC values by 
conventional isotope mass spectrometry using a Finnigan Delta4 mass spectrometer. 

RESULTS 

Masses 44 ('q160160), 45 (13C160160) and 46 (l?%180) are simultaneously monitored during the GC-C- 
IRMS run. The ratio of mlz 6/44 is used to determine the carbon isotopic composition of the compound. A 
correction is made for '80containing C Q  from the intensity of mlz 46. Figure 1 shows mlz 44 mass 
chromatograms from GC-C-IRMS analysis of two of the kerogens studied. Since each compound is combusted 
to C Q  on exiting the GC, the m/z 44 trace is analogous to a conventional FID signal. An expanded portion of a 
chromatogram showing variations in the mlz 45/44 ion current ratio (in addition to the mlz 44 trace) is 
presented in Figure 2. Compounds enriched in 13C elute slightly earlier than the corresponding 12C equivalent, 
and thus each peak is manifested in the mlz 45/44 hace as an inflection, the '3C-rich component constituting the 
leading edge of the peak. The ratio of the magnitude of excursions away from the baseline by the 13C (+ve 
inflection) and '*C (-ve inflection) component gives the isotopic composition. 

Four types of hydrocarbons were typically observed to dominate the chromatograms: n-alkenes, n- 
alkanes, acyclic isoprenoid and hopanoid hydrocarbons. Average isotopic compositions for these compound 
classes determined in the manner described above (summed over the appropriate carbon number range) are 
listed in Table 1 the six kerogens. Results from replicate analyses suggest that most values may be considered 
accurate to within W.5°/m, however, in the worst cases (Le. for samples which display complex 
chromatograms, or for components which are incompletely resolved) the uncertainty may be ?rlo/m or more. 
Marine kerogens typically proved more difficult to study than lacustrine samples because of the more complex 
pyrograms they generate. In Figure 3 the stable carbon isotopic compositions of these pyrolysis products are 
plotted with resped to carbon number for each of the kerogens. The data show that for a given sample the 
isotopic compositions of n-alkenes and n-alkanes are generally rather similar (i.e. irrespective of carbon 
number). This finding suggests a common origin, consistent with a (bi0)polymeric source. The average values 
of these components also, in several cases, reflect the corresponding 6% TCC value (e.g. Green River, 
Westfield), suggesting that they are derived fmm structurally important, or at least isotopically representative, 
components in the kerogen. In instances where isotopic compositions of the pyrolysis products do not closely 
match the 6I3C TC€, then alternative components must be considered. Rqarding this point it should be borne 
in mind that the present investigation has only dealt with aliphatic pyrolysis products. The isotopic 
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compositions of normal hydrocarbons in the Messel kerogen pyrolyzate showed the greatest difference 
compared to the S'Y TOC value, being up to 1P/m lighter. It has been proposed['*] that both the kerogen ani! 
the normal hydrocarbon prolysis products from this shale derive predominantly from the cell-wall material of 
the freshwater alga, Tetrdron minimum. Here, it is found that the hydrocarbon py~olyzate is depleted in 13C by 
a. 50/- relative to the total organic carbon (Table 1). Accordingly, the kerogen must contain '3C-eMched 
components that do not yield aliphatic hydrocarbons on pyrolysis. It is required either that the visually 
recognized cell-wall material is isotopically inhomogenous or that some additional component is present. The 
alkane/alkene 6 values observed in this work are very similar to those of acyclic hydrocarbons in extracts of the 
Messel Shale116*191. 

The isotopic compositions of the various compound classes studied vary substantially from one sample to 
another. Average values for normal hydrocarbons range from cn. - 3 3 O / m  (Messel shale) to ca. - lP/m 
(Westfield). With the exception of the Westfield kerogen, non-marine lacustrine samples (Le. Messel and Green 
River kerogens) give lighter average isotope values than marine samples (Monterey, Peru, Spartina). The 
Westfield shale appears to represent a rather unusual and interesting case. The organic matter in the shale is 
almost exclusively comprised of the freshwater macroalga, Bohyococcu5 bruunii. The lack of isoprenoids in the 
pyrolyzate (Fig. 1) is also a characteristic feature of B. bruuniiderived kerogens. Whilst the shale represents a 
freshwater lake deposit, the isotope values (both of the nom1 hydrocarbons and the TOC) are unusually 
heavy. This is likely to reflect low concentrations of dissolved C@ in the environment of carbon fixation. In 
such circumstances, many carbon-fixing organism utilize s p e d  pathways (such as assimilation of HC03-) for 
accumulation of inorganic carbon Isotope effects assodated with these largely irreversible procffses are small 
in comparison to that of rubisco, and the resulting organic carbon is relatively enriched in lac. 

Within-kerogen variations in isotopic composition are apparent between different compound classes 
generated from the samples studied. Isoprenoid hydrocarbons (when present) were found to vary significantly 
relative to the n-hydrocarbons (Fig. 1). In anhast, the hopanoids are in eachcase substantially lighter than both 
the TCC and n-hydrocarbons, with values as light as -56/m recorded for hopanoids in the Messel kerogen 
pyrolyzate. These latter values show good agreement with those reported by Freeman et d1.1'51 for hopanoids in 
solvent extracts of the same shale, indicating a bacterial (methanotmphic ?)contribution to the kerogen. 

CONCLUSIONS 

W s t  this study contrasts geochemically very different kerogens, the results demonstrate that isotopic 
cornpositions may be readily determined for individual pyrolysis products by GCC-IRMS. The data allow 
several new deductions to be made regarding the source of these components and their importance in dictating 
the overall S l y  TOC value of the kerogen. The approach holds much promise, therefore, for assessing the 
various sources of biological remnants comprising the kerogen, and also for interpreting the overall TOC value 
in terms of these separate contributions. 
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Table 1. Stable Carbon Isotope Data for Kerogens 

Kerogen Age EnV. TOC' &ne1 LUIS Zisop3 Zhop' 

Westfield, Scotland Carb. Lacustrine -14.26 -14.71 -15.43 n.d. -23.15 

Messel, FRG Eocene Lacustrine -27.69 -32.71 -33.13 -30.83 -45.47 
Green River, UT, USA Eocene Lacustrine -29.00 -28.99 -29.96 -31.27 -41.66 

Peru, S. America Contemp. Marine -20.47 -23.11 -23.82 -22.90 n.d. 
Monterey, CA, USA Miocene Marine -22.17 -23.95 -24.88 -2464 n.d. 
"Spa~t i~" ,  GA, USA Contemp. Estuarine -18.54 -22.69 -2330 -24.71 n.d. 

*Determined by conventional sealed-tube combustion and MS. 
In-alkenes; *n-alkanes; hoprenoids; 'hopanoids. 
n.d. I not detected 
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Figure 2. Partial chromatogram of m/z 45/44 ion current ratio (upper) and m/z 44 (lower) from GCC-WS of 
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alkenes respectively. 
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Abstract: 
In situ sulfur K-edge XAFS measurements have been performed on Illinois No. 6 

and low rank Australian brown coals in order to study the behavior of sulfur forms in coal 
during pyrolysis and oxidation. The results show that under the relatively slow pyrolysis 
conditions employed, degradation of organic disulfide starts as low as 2OOOC while sulfide 
components degrade at temperatures around 300°C. Pyrrhotite was formed from pyrite 
during pyrolysis of Illinois No. 6 coal above 400°C. Results obtained during oxidation at 
temperatures up to 450°C are less well understood. Gradual formation of small amounts 
of sulfate occurs in both samples, while pyritic sulfur and organic sulfide decrease 
significantly, with most of the sulfur apparently leaving the sample as SO,. 

Introduction 

It is well recognized that a full understanding of the behavior of all major forms of 
sulfur, both inorganic and organic, is essential for the solution of many of the significant 
research problems involving sulfur in coal. Until very recently, however, information about 
the different organic forms of sulfur ,in coal could not be obtained directly, but had to be 
based on indirect methods involving pyrolysis of the coal. Such pyrolysis techniques include 
the temperature-programmed reduction (“kinetogram”) methods advanced by Attar[’], the 
flash pyrolysis (“pyroprobe”) developed by Calkin~[~*’1, and a variety of pyrolysis/mass- 
spectroscopy and gas chromatographic/mass-spectroscopy t e c h n i q ~ e s ~ ~ ~ l  that are usually 
performed on extracts and volatile fractions of the coal, rather than the bulk coal itself. 
Such, pyrolysis methods have provided much useful information about sulfur in coal, but 
because they do not provide information on the sulfur remaining in the residue materials, 
the information obtained is not complete. 

to be a powerful method 
for the direct, nondestructive, quantitative determination of all major sulfur forms in coal. 
In this study, we report some preliminary results from the first in sifu XAFS spectroscopic 
investigations of sulfur in coal under conditions of high temperature pyrolysis and oxidation. 
Emphasis has been given to the quantitative analysis of the various forms of sulfur produced 
during slow pyrolysis of coal in hydrogen and helium atmospheres as well as oxidation in a 
helium/oxygen mixture at temperatures up to 600°C. 

In the last two years, XAFS spectroscopy has been 
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Experimental 
Thermal Analysir: 

The coal samples used in this study were a bituminous Illinois No. 6 coal obtained 
from Argonne Premium Coal Sample Program Bank and a low rank Australian brown coal 
(Glencoe). The Illinois No. 6 coal contains 4.83 wt% sulfur of which 2.81 wt% is pyritic 
sulfur, while the Australian coal contains 5.1% organic sulfur and with very little pyritic 
sulfur ( <0.2 wt%). Some model compounds, such as dibenzylsulfide and dibenzothiophene, 
have also been examined under similar oxidation conditions. 

The X-ray reaction furnace used in this work is modified from the design of Sinfelt 
and Lytlel'ol. A chromel-alumel thermocouple is imbedded in a stainless steel backing plate 
in contact with the sample cell. Temperatures were monitored with a digital voltmeter. 
Water flow through jackets in the furnace body helps to dissipate heat and prevent the 
mylar windows of the fluorescent detector from melting. Reactant gases were flowed 
through the samples which were packed into the cell. 

XAFS spectra of samples were obtained while flowing a gas stream of helium or 
hydrogen in pyrolysis and mixture of 95% helium, 5% oxygen in oxidation at temperatures 
up to 600°C. Since each spectrum takes approximately 30 minutes to complete, these are 
considered slow pyrolysis and oxidation processes. 

X4FS Analysis: 

The XAFS measurements were performed at beam line X19-A at the National 
Synchrotron Light Source in Brookhaven National Laboratory. Experimental procedure are 
discussed elsewhere[61. 

The least squares method for analysis of X-ray absorption near edge structure 
(XANES) of the sulfur K-edge spectra is based on the concept that the experimental 
spectrum can be modelled as the sum of an arctangent function representing the edge step 
and a number of absorption peaks which arise from lw3p electronic transitions of the major 
forms of sulfur in the coal. The shape of the absorption peaks is modelled as a function of 
energy by a combined 5050 Lorentzian:Gaussian function. An example of least-squares 
curve fitting of the sulfur K-edge XANES spectrum of the Illinois No. 6 coal is shown in 
Figure 1. This spectrum is fit by one-step arctangent function representing the edge step, 
six peaks of 50% Gaussian - 50% Lorentzian shape representing three different forms of 
sulfur, both organic and inorganic, and several scattering resonance peakd6]. 

TO convert the measurement of relative peak areas to wt% sulfur in the different 
forms, the calibration method described elsewhere1*] was utilized. It has been observed that 
the Is=+ transition probability increases with increasing sulfur valence. Therefore, 
calibration constants for converting XANES peak area percentages to sulfur weight 
percentages have been experimentally determined for the functional forms of sulfur that 
occur in coal[91. For this work an additional calibration constant had to be determined for 
pyrrhotite, which was formed from the degradation of pyrite during pyrolysis. The error 
in the resulting sulfur percentages is approximately 25 - 10%. 
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Results and Discussion 

In sifu sulfur XANES spectra obtained during pyrolysis of Illinois No.6 coal are 
shown in Figure 2. The effect of pyrolysis on different forms of sulfur in this coal as a 
function of temperature is illustrated in bar-graph form shown in Figure 3. It is evident that 
between 250°C and 600°C, the organic sulfide component decreases from 19% of total sulfur 
to about 10%. Simultaneously, pyrite begins to transform to pyrrhotite; this transformation 
continues as the temperature is raised and appears to be more or less completed at  600°C. 
No significant differences were observed between the pyrolysis in helium and that in 
hydrogen. 

The results of in sifu XANES measurements for pyrolysis of Australian (Glencoe) 
coal under H, and He  atmospheres are shown in Figures 4 and 5, respectively. It is seen 
that disulfide compounds start to degrade at about 200°C while sulfide components decrease 
when the temperature reaches around 400°C. Growth of a peak with a negative valence 
state was observed as a function of temperature during the pyrolysis of Australian coal in 
both He and H, atmospheres. Since this coal contains virtually no iron (<0.05 wt%) the 
appearance of this peak may indicate the formation of organic compounds such as 
thioketones or similar functional groups during the course of experiments. A similar peak 
was observed during the thermal oxidation of a mixture of 5050 wt% of dibenzothiophene 
and dibenzylsulfide. 

The changes that occur in the sulfur forms of the Glencoe coal during oxidation 
under a mixture of 95% He-5% 0, flowing gas are illustrated in bar-graph form in Figure 
6. Decomposition of organic sulfide component occurs at the same temperature as for 
pyrolysis (above 4OOOC). The only significant changes during the oxidation of this coal are 
a gradual increase in the sulfate component and a decrease in the sulfide component. Since 
the Australian coal is one that contains no pyrite, the sulfate is believed to be either an 
organic sulfate or possibly CaSO,. The latter could result from the reaction of SO, released 
from sulfide groups with carboxyl-bound calcium in the coal macerals. At the conclusion 
of the experiment, the sample contained 4.2 wt.% sulfur, indicating that about 1 wt.% of the 
sulfur had left the sample as SO, formed by oxidation of the organic sulfides. 

Figure 7 shows the percentage of different sulfur forms in Illinois No. 6 coal under 
oxidation in a mixture of 95% helium - 5% oxygen. Pyrite was partially removed from this 
sample by centrifugation in carbon tetrachloride prior to the oxidation experiment. The 
initial sulfur content of the sample was 3.6 wt.%, with a pyritic sulfur content of 
approximately 1.6 wt.% according to the XANES results. The principal change during 
oxidation is a significant decrease in pyritic sulfur and a small, gradual increase in sulfate. 
It should be mentioned that the 'Sample was heated to 500°C, but a spectrum was not 
obtained because of a loss of the X-ray beam at that temperature. The final bar graph 
obtained at room temperature therefore is from a sample that had experienced oxidation 
up to 500°C. Pyrite has disappeared and a small peak from elemental sulfur is observed. 
Since the final sulfur content of the sample was 1.7%, most of the pyritic sulfur leaves the 
sample as SO,. 
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Conclusions 

Based on the in situ XAFS measuremants of the sulfur K-edge of the coal samples 
reported in this research, the following conclusions can be made: 

In situ XAFS high temperature measurements can provide insight into the behavior 
of sulfur compounds during thermal reactions. 
During pyrolysis, the degradation of disulfide starts to occur a t  about 2WC, while 
the organic sulfide decomposes at above 400°C. The conversion of pyrite to 
pyrrhotite in Illinois No. 6 coal was observed above 40OOC. 
During oxidation of an Illinois No. 6 coal at temperatures up to SWC, pyritic sulfur 
decreases markedly, while a small and gradual formation of sulfate is observed. A 
minor amount of elemental sulfur was also formed. 
During oxidation of a brown coal containing no pyrite at temperatures up to 450"C, 
organic sulfides decreased approximately 50% and a gradual increase of sulfate was 
observed. 
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STRUCTURE AND STRUCTURAL DIVERSITY IN RESINITES A S  DETERMINED BY 
PYROLYSIS-GAS CHROMATOGRAPHY-MASS SPECTROMETRY 

Ken B. Anderson and Randall E. Winans 
Chemistry Division, Building 200 

Argonne National Laboratory 
9700 S. Cass Avenue 
Argonne, IL, 60439. 

Keywords: Resinite, Py-GC-MS, Classification 

INTRODUCTION 

A number of workers have reported data concerning the analysis of fossil r e s i n ~ , " ~  (often 
referred to as "amber", but referred to herein by their correct general geologic name - resinite). It has 
become apparent from these data, that a number of chemically distinct forms of resinite exist in the 
geosphere. At present however, no convention exists for the differentiation of these chemically distinct 
materials. This problem of nomenclature is further compounded by a degree of ambiguity in the 
petrographic identification of resinites*, and also by the inappropriate use of the term "resin" to 
describe certain petroleum and source rock components. As a result, the literature concerning the 
geochemistry of higher plant resins is somewhat confused. 

General structural characteristics of a number of different resinites have been established by 
previous studies. Results of analyses carried out in our laboratory however, indicate that even within 
closely related samples, a significant degree of variability of composition exists, often as the result of 
differences in botanical origin and/or level of thermal maturity. We have therefore sought to develop 
a classification system for resinites, and to establish criteria by which individual resinites may be 
unambiguously classified. 

In order to investigate the nature and extent of variability in resinite structure, we have sought 
to establish a broadly based resinite sample collection. The results of Pyrolysis-Gas Chromatography- 
Mass Spectrometric (Py-GC-MS), analyses of a number of different resinite samples from this 
collection, and the implications of these results to the nomenclature and classification of resinites, are 
described herein. 

EXPERIMENTAL 

Py-GC-MS analyses were carried out using an HP-5890 GC coupled with an HP-5970 MSD. 
Resinite samples (approx. 1 mg) were subjected to pyrolysis in the presence of excess 
tetramethylammonium hydroxide (TMAH) to effect in-situ methylation of acidic components,' using 
a C.D.S. "pyroprobe" coil type pyrolyzer. 60m DB-5 and DB-1701 columns were used to obtain 
adequate chromatographic separation of components. 

RESULTS AND DISCUSSION 

A thorough review of the literature, and the results of analysis of our own carefully screened 
suite of true resinite samples, suggests that three basic structural families of resinites predominate in 
the geosphere. A small number of less common forms are also known, but are usually restricted to a 
very small number of sites. The results of Py-GC-MS analyses of examples of each of these resinite 
classes, illustrated in Figure I, clearly reflect the compositional differences reported by previous 
authors. These data also demonstrate that Py-GC-MS is a useful technique for providing detailed 
information concerning the molecular composition of resinites, especially when used in conjunction 
with in-situ methylation procedures. As a consequence of these observations, (and parallel 
spectroscopic data) a preliminary classification system, outlined in Table I and described in detail 
below, has been developed to rationalize and clarify the nomenclature of resinites, and to enable 
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researchers to conveniently indicate the specific chemical nature of resinite samples with which their 
work may be concerned. A more comprehensive description and justification of this classification 
system will be reported elsewhere. 

In addition to resins with structures related to the resinite structures described below, modern 
plant genre produce numerous other resins, with diverse structural characteristics and compositions. 
The apparent absence of these resins from geologic strata of significant age however, suggests that these 
resins are unable to survive diagenetic and/or catagenetic processes in a recognizable form, except 
perhaps in specialized, rare circumstances. 

Class I resinites, which appear to be by far the predominant form of resinite in the geosphere, 
have been shown by a number of previous workers to be polyditerpenoid structures, based 
predominantly on the 14.15- polymerization products of labdatriene carboxylic acids, especially 
communic acid or zanzibaric acid (structures I-IV below).'-' Other mono and diterpenoids are often 
incorporated (or physically occluded) in the structure to a lesser extent. Whilst the results of our 
analyses concur with these reports, our data indicate that the specific composition of class 1 resinites, 
as assessed by Py-GC-MS, varies significantly between samples, and reflects both the botanical origin 
and maturity of the resinite. 

Class I resinites, unlike class I1 and 111 resinites which appear to have specific botanical origins, 
appear to be derived from a number of paelobotanical sources (see Table I). Modern analogues of class 
I resinites are produced, often in large amounts, by a number botanical genre, including the: 
Araucariaceae, Taxodiaceae, Leauminoseae," f&xessaceap," and possibly others. This diversity of 
sources and often copious production probably accounts for the observed predominance of class I 
resinites in geologic samples. 

Py-GC-MS data (illustrated in Figure 11) and other results, suggest that class I resinites may 
usefully be further divided into divided into three sub-classes on the basis of molecular composition. 
Resinites based on polycommunic acid can and should be distinguished from those based on 
polyzanzibaric acid, and for some purposes it may also be useful to further divide communic acid based 
class I resinites into succinylated and non succinylated forms. A number of class I resinites, including 
"Baltic amber" (succinite), which together comprise probably the single largest source of resinite, 
incorporate succinic acid as a cross-linking agent between occasional communol units incorporated into 
a communic acid based polymeric structure. In other communic acid based class I resinites however, 
succinic acid is absent, suggesting a related but distinct origin for these materials. These finer sub- 
categories are useful for distinguishing related resinites of distinct botanical origins, and may also aid 
in establishing correlations between geographically dispersed samples of closely related structural 
character. Class I resinites may therefore be sub-divided according to the basic character of the 
polymeric structure as follows: ](a) Succinylated polycommunic acid; I(b) Non-succinylated 
polycommunic acid; and I(c) polyzanzibaric acid. 

Notable features of the chromatograms illustrated in Figure I1 are: (i) Significant differences 
in the distributions of intact diterpenoids (eluting between 55 and 70 minutes in these chromatograms), 
which reflect the different botanical origins (and possibly also the thermal maturities) of the samples, 
and (ii) the presence of abundant dimethyl succinate in the pyrolysis products of the class la sample. 
This compound is not observed in the pyrolysis products of class Ib or IC resinites. A more 
comprehensive analysis of these data will be presented elsewhere. Slight, but highly significant 
differences are also observed in the nature of the products eluting between 30 and 55 minutes in these 
chromatograms. These compounds are predominantly bicyclic carboxylic acids derived from the 
labdanoid ring system of the parent acids. Preliminary data suggest that differences in these products 
may be useful for distinguishing class la and Ib resinites from class IC resinites in mature samples, in 
which no detectable intact diterpenoids remain. 

Class I1 resinites have been shown to be based on polymers of sesquiterpenoid hydrocarbons 
related to cadinene (V)!,lz*ls Although less common overall than Class 1 resinites, Class I1 resinites are 
very abundant in several locations throughout the world, including the U.S. (specifically Utah) and S.E. 
Asia (where both modern and fossil deposits occur) and constitute a major resource of resinite. This 
Class of resinite is known to be derived from trees of the Dioterocaroaceae, especially a, modern 
resins of which, known as Damar, are still commercially exploited, and differ little in structural terms 
from class I1 resinites. Class I1 resinites are very easily distinguished from Class I and I11 resinites by 
Pyrolytic techniques (See for  example Figures I) on the basis of the nature of the pyrolysis products, 
especially the absence of significant amounts of carboxylic acids. Spectroscopic data is also often 
definitive for the classification of resinites of this class. 

. 
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Class 111 resinites, which are composed almost entirely of natural polystyrene (VI), are the least 
common Of the three resinite classes defined in Table I, currently identified deposits being restricted 
to the Eastern US and (possibly) Germany7s'o. These resinites are believed to be derived from the resins 
of Hammelidaceae, especially Liauidambar. Class 111 resinites are very easily recognized and classified 
on the basis of spectroscopic and/or pyrolytic data; the principle problem associated with recognition 
of these materials being confirmation of the provenance of the sample (ie: being sure that the sample 
is not synthetic polystyrene which has inadvertently been collected as fossil material). 

Class I1 and 111 resinites are also distinct from Class I resinites in that resinites of these classes 
are soluble in organic solvents, and hence may be recovered and concentrated by extraction. 

As indicated above, although all resinites of a given class share a number of common structural 
characteristics, the composition of volatile and volatilizable materials produced by pyrolysis varies 
considerably between samples. These differences reflect variations in the composition of the original 
resins, and also differences in the thermal maturity of the samples. These differences are particularly 
important in class I samples, due to the diversity in the botanical origins of these resinites, but are also 
likely to be important in other resinites. 

In immature class I samples, such as those illustrated in Figure 11, abundant, intact diterpenoids 
are released by volatilization and thermal depolymerization as a result of pyrolysis. These diterpenoids 
probably reflect the composition and nature of the original resin and hence are of considerable interest. 
With increasing thermal maturity however, the significance of these compounds decreases, and 
substituted unsaturated bicyclic carboxylic acids become increasingly predominant in the pyrolysis 
products. This probably reflects semi-random cross-linking, especially between olefins, and double 
bond migration to thermodynamically more stable isomers. This results in a thermally more stable 
polymeric structure, which is less able to thermally "unzip", and which therefore cleaves off naphthenic 
structures derived from the labdanoid ring system of the precursor, in this case communic acid. The 
low abundance of tricyclic products in the pyrolyzate of mature resinite samples suggests that 
cyclization reactions are not an important maturation process in resinites. At high levels of maturity 
aromatization and elimination of substituents also appear to be significant. This trend is demonstrated 
in Figure I, which illustrates Py-GC-MS data for a series of class Ib resinites obtained from New 
Zealand coals of known maturity. Similar trends are observed in other class I resinites. 

. 

CONCLUSIONS 

Py-GC-MS is a useful technique for the rapid characterization of resinites, especially when used 
in conjunction with in-situ methylation procedures, which permit chromatographic analysis of acidic 
components without complex sample preparation. 

Although significant diversity exists in resinite structures, the majority of resinites may be 
classified into one of three basic structural groups. Resinites from the largest and most important of 
these may be further subdivided on the basis of specific structural characteristics into three subclasses. 
Within these classes, details of specific composition may vary significantly between samples as a 
consequence of differences in botanical origin and/or level of maturation, but sufficient common 
structural characteristics exist within these classes to validate application of such a classification system. 

ACKNOWLEDGMENTS 

The authors wish to acknowledge Mr. J. Cregar of the Argonne National Laboratory for 
preparation of specialized glassware. We also wish to express our gratitude to Dr. P. Dunn, and Dr. F. 
Hueber of the National Museum of Natural History - Smithsonian Institute, Dr. D. Grimaldi of the 
American Museum of Natural History (ANMH), Dr G. Mustoe of Western Washington University, Dr 
T.V. Verheyen of the Coal Corporation of Victoria, Dr D. Paris of the New Jersey State Museum 
(NJSM), Dr A. Criddle of the Natural History Museum (London), Dr J. Crelling of the University of 
Southern Illinois, and Dr A. Clemmens of the Coal Research Association of New Zealand (Inc.) for 
generously providing resinites samples. Reference numbers given in figure captions refer to sample 
numbers of the organizations indicated. Ttiis work was performed under the auspices of the Office of 
Basic Energy Sciences, Division of Chemical Sciences, U.S. Department of Energy, under contract 
number W-31- 109-ENG-38. 

767 



REFERENCES€ 
1. (a) Gough, L.J.; Mills, J.S. Nafure 1972, 239, 527-528. 
(b) Mills, J.S.; White, R.; Gough, L.J. Chem. Geol. 1984/85, 47, 15-39. 

2.  Cunningham, A,; Gay, I.D.; Oehlschlager, A.C.; Langenheim, J.H. Phylochern. 1983, 22(4), 
965-968. 

3. (a) Thomas, B.R. Acla Chem. Scand. 1966, 20(4), 1074-1081. 
(b) Thomas, B.R. In Organicgeochemislry - methods and resulls; G. Eglinton and M.J.T. Murphy, 

Eds.; Springer-Verlag: New York, 1969; pp 599-618. 

4. (a) Anderson, K.B.; Botto, R.E.; Dyrkacz, G.R.; Hayatsu, R.; Winans, R.E. Preprinl. Fuel Chemistry 
Div., ACS 1989,34(3),  752-758. 

(b) Anderson, K.B.; Botto, R.E.; Dyrkacz, G.R.; Hayatsu, R.; Winans, R.E. Fuel 1990.69.934-935. 

5.  Beck, C.W. Appl. Spec. Rev. 1986,22(1). 57-110. 

6. Van Aarssen, B.G.K.; Cox, H.C.; Hoogendoorn, P.; De leeuw J.W. Geochim. Cosmochim. Acta 
1990.54, 3021-3031 

7. 

8 .  

Grimaldi, D.; Beck, C.W.; Boon, J.J. American Museum Novilafes 1989, 2948, 1-28. 

Stach, E.; Mackowsky, M.-.T.h.; Teichmuller, M.; Teichmuller, R.; Taylor, G.H.; Chandra, D. 
In Stach's Texrbook o/ Coal Petrology. 3rd edition; Gebruder Borntraeger: Berlin-Stuttgart. 
1982; 535 p. 

9. (a) Challinor, J.M. 1. Anal. Appl. Pyrol. 1989, 16, 323-33. 
(b) Dworzanski, J.P.; Berwald. L.; Meuzelaar, H.L.C. Appl. Environ. Microbiol. 1990,56(6), 1717- 

24. 

Langen'heim, J.H. American Scienlist 1990, 78, 16-24. 

Mangoni, L.; Belardini, M. Gazz .  Chim. Ilal. 1964, 94, 1108-21. 

Meuzelaar, H.L.C.; Huaying Huai; Lo, R; Dworzanski, J.P. Preprinl. S.M.E. Meeting. Sal1 Luke 

10. 

I I .  

12. 
' C i f y .  Utah, February 1990. 

13. Brackman, W.; Spaargaren, K.; Van Dongen, J.P.C.M.; Couperus, P.A.; Bakker, F. Geochim. 
Cosmochim. Acta 1984, 48, 2483-2487. 

76% 



I 

I l l  

V 

8' J COIH O H  

I I  

I V  

V I  

Structures indicated in text: I - Communic acid (trans isomer). I1 - Zanzibaric acid (trans isomer). 
111 - Basic polymeric structure of class la and Ib resinites. (i) R = COOH (polycommunic acid), 
(ii) R = CH,OH (may be succinylated ie: CHZO-CO-(CH,),-CO-0-R R = H  or communol unit of 
polymer.). IV - Basic polymeric structure of class IC resinites, polyzanzibaric acid. V - Cadinene 
(dotted lines indicated double bond isomers). VI - styrene. 
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TABLE I. 

Class I 
(a) Basic structural character = polycommunic acid, partially copolymerized with 

communol. Significant incorporation of succinic acid, probably as a cross linking 
agent is characteristic. 

examples = Succinite (Baltic Amber) 

(b) Basic structural character = polycommunic acid, with varying degrees of 
copolymerization with communol. Succinic acid is absent. 

examples = New Zealand resinites, Victorian Brown Coal resinites. 

( c )  Basic structural character = polyzanzibaric acid. 

Nearest equivalent modern resins: "Copal" esp. Pontianak, Kauri Resin, Manila Copal . 
Brazil Copal, Congo Copal 

Most probable botanical affinity*: (i) Araucariaceae (esp. Agathis) 
(ii) Leguminosae (esp. Hymenaea) 

(iii) Cupressaceae, and possibly others. 

Class I1 Basic structural character = polymer of bicyclic sesquiterpenoid hydrocarbons, esp. 
cadinene, possibly with some triterpenoid component also present. 

examples = Utah resinites, (some) Indonesian resintes. 

Nearest equivalent modern resin: "Damar" 

Most probable botanical affinity*: Dipterocarpaceae (esp. Shorea) 

Class 111 Basic structural character = Polystyrene 

examples = (some) New Jersey resinites, Montana resinite 

Nearest equivalent modern resin: "Storax" (Sometimes = Styrax) 

Most probable botanical affinity*: Hammelidaceae (esp. liquidambar) 

*Based on equivalent modern resins. 
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STRUCTURAL ELUCIDATION OF POLYMERIC DITERPENOIDS 
IN FOSSIL GYMNOSPERM RESINS 
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INTRODUCTION 

Fossil resins originating from Gymnosperm trees have been the subject of several studies concerning 
the structure of their high molecular weight fractions '-'. Although such resins may be sourced from quite 
different plant families the structures of the macromolecular moieties have similar features. Formation of 
these substances is thought to occur via a light and/or oxygen induced polymerisation of diterpenoid 
monomers with a labdane carbon skeleton, such as communic acid '. Because the polymers are insoluble 
in common organic solvents, structural studies have been performed using techniques like IR ', solid state 
NMR In this study we show that Curie point pyrolysis-GC-MS and off-line pyrolysis 
GC-MS are useful methods to gain information on the structure of the polymeric fractions of fossil resins. 
For this purpose a fossil resin from the Fushun coal mine in China was analyzed. 

and Py-MS 

EXPERIMENTAL 

Curie-point pyrolysis-gas chromatography-flame ionisation detection (Py-GC-FID) analyses were 
performed with a Hewlett-Packard 5890 gas chromatograph using a FOM-3LX unit for pyrolysis. The 
samples were applied to a ferromagnetic wire with Curie temperatures of 77OOC (Fe) or 358OC (Ni). The 
gas chromatograph, equipped with a cryogenic unit, was programmed from O°C (5 min) to 3 2 0 T  (20 min) 
at a rate of 3'C/min. Separation was achieved using a fused-silica capillary column (25m x 0.32mm) coated 
with CP Sil-5 (film thickness 0.4 pm). Helium was used as the carrier gas. 

Curie-point pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) analyses were performed 
using the same equipment and conditions as described above for Py-GC-FID connected with a VG 70s 
mass spectrometer operated at 70 eV with a mass range m/z 40-800 and a cycle time of 1.8 s. 

Extraction of the resin was achieved by thoroughly mixing the finely powdered resin ultrasonically 
several times with a variety of solvents like methanol, dichloromethane. ethylacetate and acetone. The 
combined extracts were methylated with diazomethane and analysed by GC-MS using the same equipment 
described for Py-GC-MS (CP Sil-5 column, film thickness 0.32 pm, temperature Gogram from 70°C to 
320T (20 min) at a rate of 4"C/min). 

For off-line pyrolysis-gas chromatography-mass spectrometry, an aliquot of the extracted resin was 
transferred into a quartz tube and heated under a constant flow of nitrogen (100 ml/min) at 425°C for 45 
min. The released products were trapped in two flasks with pentane. The first was held at room 
temperature and the second at -20°C. The trapped pyrolysates were combined and analyzed by GC-MS as 
described above. 

' 

RESULTS AND DISCUSSION 

0 Extraction of resins is often incomplete because of inclusion of soluble compounds in the insoluble 
macromolecular matrix. To differentiate between pyrolysis products and evaporated compounds the whole 
resin was analysed at both a Curie temperature of 770°C and of 358°C. At 358°C no pyrolysis takes place 
and Only volatile compounds are analysed. The chromatograms of both analyses of the whole resin are 
shown in Figures l a  and 1 b. The compounds released were tentatively identified by Py-GC-MS. The most 
abundant compound present in the mixture obtained at a Curie temperature of 770°C is a mono-unsaturated 
bicyclic Cls-carboxylic acid. The mass spectrum and suggested structure for this compound are shown in 
Figure 2a. Furthermore, a series of C,, C, and C, unsaturated branched acyclic hydrocarbons is present. 
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Also very abundant are camphor and dehydroabietane. Comparison of the product mixtures obtained at a 
Curie temperature of 770°C (Fig. la)  with that of the flash-evaporate (Fig. Ib)  shows that both camphor 
and dehydroabietane are present as such in the resin. This is also true for the C,,-acid. However, at a Curie 
temperature of 770°C the latter compound is much more abundant, indicating that it is formed, upon 
pyrolysis as well. This is also supported by the presence of a co-eluting similar compound with an 
additional double bond, which is absent in the flash-evaporate. 

To concentrate on the products formed upon pyrolysis, and thus on the structure of the insoluble 
macromolecule, the resin was thoroughly extracted and the residue was pyrolysed at a Curie temperature 
of 770°C. The resulting chromatogram is shown in Figure 3a. Compounds like camphor and 
dehydroabietane are no longer present, showing that the extraction was successful. Flash evaporation at a 
Curie temperature of 358°C of the residue showed that virtually all the volatile compounds were extracted 
indeed. From the Py-GC analysis it is clear that the major pyrolysis products are the bicyclic C,,-acid, a 
similar bicyclic C,,-acid and the series of branched alkenes. Comparison of the chromatogram of the flash- 
evaporate (Fig. Ib) with that of the methylated extract (Fig. 3b) shows that many diterpenoid methyl esters 
with an abietane or pimarane carbon skeleton are present in the extract, but not in the evaporate. These 
C,,-compounds are probably present as free acids in the evaporate and hence not GC-amenable on the 
apolar column used. This is exemplified by the broadened peak reflecting the C,,-carboxylic acid in the 
evaporate. It should be noted that no bicyclic C,,-diterpenoids with labdane carbon skeletons could be 
detected in the pyrolysate nor in the extract. At the end of the chromatogram of the extract a broad hump 
is visible. Mass spectrometric analysis showed that this hump reflects several badly resolved dimeric 
diterpenoid acids, probably with labdane carbon skeletons. The mass spectrum of one of these compounds 
and a possible structure are shown in Figure 2b. 

The chromatogram of the GC analysis of the methylated pyrolysate obtained by off-line pyrolysis 
of the extracted resin is shown in Figure 4. The pyrolysate obtained by off-line pyrolysis resembles the 
pyrolysate obtained by flash pyrolysis very well. The most abundant compounds are the mono- and di- 
unsaturated bicyclic CIS methyl esters. Again no bicyclic C,, diterpenoid methyl esters were detected. 

The results shown indicate thnt the fossil resin consists of two fractions. A soluble low-nlolecular- 
weight fraction and an insolubld high-molecular-weight fraction. The distinction between these two 
fractions is however not clear-cut, as shown by the presence of dimeric diterpenoids in the extract. The 
flash-evaporate obtained at a Curie-temperature of 358°C can however not be taken as representative for 
the soluble fraction, because of the presence of non GC-amenable acids, which will do show up in the 
chromatogram. The high-molecular-weight fraction yields upon pyrolysis predominantly an unsaturated 
bicyclic C,,-carboxylic acid, which is probably the pyrolysis product of a polymeric diterpenoid. As shown 
in Scheme I a pyrolysis mechanism can be conceived starting from a polymeric structure as suggested i n  
literature I-'. This mechanism can also explain the presence of unsaturated branched hydrocarbons in the 
pyrolysate. The acid is also found in the methylated extract as its methyl ester. indicating that some thermal 
breakdown of the polymer has already occurred in nature. On the other hand, volatile compounds like 
camphor are still included in the resin, indicating that the resin has not undergonk severe diagenesis. No 
bicyclic C2,,-compounds are formed upon pyrolysis of the polymer, as was shown by the off-line pyrolysis. 
Conclusions about the structure of the polymer in Gymnosperm resins based on the presence of diterpenoid 
monomers in pyrolysates should therefore be taken with care because they are probably based on 
included, soluble and volatile compounds and not on pyrolysis products. Because no methyl esters of the 
C,,-pyrolysis products were detected in the flash pyrolysate, the polymer of the fossil resin used in this 
study must be built up of non-methylated monomers. The question recently discussed in the literature by 
several authors 7,8, as to whether or not Yallourn resinite polymer is methylated for a significant part, can 
therefore quickly be answered using the analytical methods described above. 

CONCLUSIONS 

The results described above support earlier conclusions about the structure of polymers present in 
fossil and recent gymnosperm resins. The resin studied contains a polymerized bicyclic diterpenoid, 
probably communic acid. Polymerization has occurred through the side chain, possibly via a I .2 mechanism. 
The methods used in this work are relatively fast and simple and the results are complementary to those 
obtained by spectroscopic methods. Furthermore. they allow for further and more detailed studies of the 
basic structural units present in such polymers and the way they have polymerized by isolation and 
structural analysis of dimers and pyrolysis products. Such studies 3re now in progress. 
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Fig. 2 .  Mass spectra of a) the major pyrolysis product of the fossil resin at a Curie temperature 
Of 770°C and b) a diterpenoid dimer present in the resin extract. 

778 



branched alkenes 

& 
- 1  

d I 
4 

'. , 

J 

d 
J dimers 

I 

- retention 

Fig. 3. a) Py-GC-FID trace of the extracted resin at a Curie temperature of 770°C. b) GC-FID 
trace of the methylated resin extract. 

7 79 



- retention 

Fig. 4. GC-RD trace of the methylated 
extracted resin. 

pyrolysate obtained from the off-line pyrolysis of the 

Scheme 1 

+ branched alkenes &+& 
780 



ANALYSIS OF PERU MARGIN SURFACE SEDIMENTS BY PY-MS 
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INlXODUCIION 

In off-shore Peru high sedimentary organic carbon contents are a direct consequence of the extremely high 
primary productivity (a. lOOOg Carbon m-*.yrl)[ll which, in turn, is supported by the upwelling of nutrient- 
rich waters near the coast. Diatom represent the major phytoplankton type and give rise to sediments 
dominated by biogenic silica and planktonic organic matter. The remineralisation of this large flux of organic 
matter to the bottom waters and sediments results in oxygen depletion over large areas of the shelf which, in 
turn, promotes organic carbon preservation in the underlying sediments. Sulfide from sulfate reduction is 
prevalent in the bottom waters[*] and with a limited availability of iron (due to the dominant biogenic input 
coupled with a very low influx of dehital sediments) the excess sulfide is available for reaction with the organic 
matter. As a result high organic sulfur concentrations are found in the sedimentd3]. 

The coastal Peru upwelling region is believed to be a modem analogue to the depositional environments 
of petroleum source rock  such as the Miocene Monterey Formation of the California Borderland[41. Because 
organic matter alteration pathways in surface sediments ultimately influence kerogen type and eventual 
petroleum yield, there has been interest in characterizing surface sediments such as those off-shore Peru. 
Lipid[51o], carotenoidl"] and amino constituents as well as general biogeochemistry~'~~3I have been 
studied previously. However, studies of the macromolecular components of the sediments have been less 
extensive[3W 

This paper describes results from Py-MS analyses of sediment samples obtained from discrete intervals in 
a 1-meter core obtained from the upper continental shelf of the Peru Upwelling region. Factor and discriminant 
analysis of the Py-MS data revealed several distinct changes within this 1-meter seaion. 

Smnple Recoomy and preparation 

Fifteen sediment samples obtained from a single m. I-meter box core were used for this study. The core ("7 

was taken during a cruise of the R/V MMM Wave in 1987, and was retrieved from Station 4 (15'06.165, 
75"42.09'W) at a water depth of 253m (within the prevailing oxygen minimum zone). Further information 
concerning the location and detailed geochemistry of these samples are provided elsewhere['51. General 
geochemical descriptions of the samples are listed in Table 1. 

L Resent addtax Qlewon OU Add R d  Campany, Richmond CA 91602 
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Wet sediment samples were pre-extracted with isopropanol, followed by a methanolihloroform mixture 
(to remove soluble lipid components) and subsequently airdried prior to further analysis. Organic carbon and 
nitrogen measurements were made on de-carbonated sediment samples using a Perkin Elmer 2400 CHN 
analyzer. 

Pyrolysis-Mass Spectromety (Q-MS) 

Similar experimental and mathematical procedures to those described by Metcalf et d.['61 were adopted for the 
present investigation. Briefly, dried samples were suspended in methanol (5 mg/ml) and approximately 75 pg 
of sediment was applied to each wire (Curie temperature, 610°C). Uniform sample coating was achieved by 
rotation of the wires during airdrying. 

Py-MS was performed on an  Extranuclear 5ooO-1 quadrupole MS system described by Meuzelaar et al.''q. 
Pyrolysis was started 30 s after introduction of the sample into the mass spectrometer. Py-MS conditions were 
as follows: temperature rise time 5s. total heating time 10% electron energy 12 eV, mass range m/z 20-300, 
scanning rate 2000 amu/s, total number of scans acquired = 70. Each sample was analysed in triplicate. 

Mullivaliate Statisticnl Analysis 

Multivariate statistical analysis of the PpMS spectra was performed using the SIGMA (System for Interactive 
Graphics-oriented Multivariate Analysis) program described by Windig and Meuzelaar [I8]. 

Subsequently, factor analysis was 
performed, followed by discriminant analysis. Discriminant analysis was applied on the first seven factors 
(explaining 824 of the total variance, see Table 2) selected on the basis of Cattell "scree break criterion[l91. As 
applied here, discriminant analysis involved an orthogonal rotation of factor space aimed at maximising 
outer/inner variance ratios. Cuter variance is a measure of the differences betwen groups of spectra; inner 
variance is a measure of the internal variation within replicates as a consequence of experimental scatter or 
sample heterogeneity. The results are expressed in terms of discriminant scores which provide a quantitative 
measure of the differences, and in the form of numerically-extracted discriminant spectra1201. which give 
information about the mass intensity changes involved. The pyrolysis data are interpreted in terms of chemical 
"components" by means of the "variance diagram" (VARDIA) technique, a method developed for numerical 
analysis of unknown mixtures[2*1. The basic principle is that the VARDIA plot shows how strong the correlated 
behavior of all mass variables is in all possible directions (in steps of 109. Directions in the discriminant space 
which can be attributed to such chemical components are called "component axes". 

The stored Py-MS data were firstly calibrated' and normalized. 

RESULTS 

Figure 1 shows averaged Py-h4S spectra of samples from four intervals within the core. In general, the spectra 
are rather similar, being dominated by low mass ions and containing maxima at similar m/z values. Major 
series include ions those due to sulfur compounds such as HzS (m/z  34), S2 or SO2 (m/z 62). HSSH (m/z 66), and 
S4 (m/z 128), as well as sugar products (e.g. m/z 114, 126, 128, 144). Other mass peak patterns reflect 
contributions from aliphatic hydrocarbons and alkylaromatics (alkylphenols and alkylbenzenes). 

Despite the similarity between the traces, factor and discriminant analysis allowed a number of 
distinctiow to be made between the samples studied. Table 2. lists results from factor analysis of the data 
matrix including all samples and mass peaks. Slightly over 50% of the total variance is explained by the first 
factor, with the second and third factors accounting for a further 17% and 5% respectively. 

The results from discriminant analysis of the data set are presented in Table 3 and Figure 2. Tighter 
clustering of the replicates and better separation between different samples is observed after discriminant 
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rotation than in the original score plots (not shown here). It is apparent that Disuiminant function 1 (DFI) 
strongly reflects sediment depth, as clearly revealed by a cross-plot of these two parameters (Fig. 3). 
Fluctuations which are not directly related to depth are manifested in DF2 (nondepth-related variations are 
also evident in DFs 3 k 4, Fig. 2b). In addition, three or four "subgroups" may be identified in Figure 2a (as 
indicated by the circles). The spectra shown in Figure 1 each correspond to one of these four groups. 

In order to determine the chemical variations responsible for these fluctuations, variance diagram were 
constructed in which the DFs are kept orthogonal to one another, but may be rotated (in 10" increments) so as 
to study axes which most dearly reflect differing "chemical components". This is shown in Figure 4(a) in 
DFI/DFZ space, in which three separate "components" may be identified. A fourth was identified in DF3 
(Figure 4b). Mathematically-extracted "discriminant spectra", obtained for each of these chemical "components" 
from rotation within this framework are presented in Figure 5. Component "A" (DFI 8 DF2, IO") shows a 
typical pattern derived from sugar moieties. Component "B" (50") shows strong influence from sulfurderived 
compounds as well as some higher mass components (m/z 155,159,173 etc.). Component "C" (320") contains, 
in addition to sulfur compounds, alkylaromatics including alkylbenzene and phenolic compounds. Component 
" D  from DF3 k DF4 (70") contains mass peaks possibly characteristic for terpenoid component(s). 

From these data we may conclude that the depth-related variation in "kerogen" reflected in DFI is 
primarily the result of a decrease in sugar-containing components together with a corresponding increase in 
sulfur-containing and alkylaromatic components. The latter is consistent with current concepts concerning 
sulfur incorporation into organic matter during early diagenesis[z31. Other fluctuations independent of depth 
are presumably a consequence of variations in conditions at the time of deposition. The chemical components 
responsible for these latter variations are yet to be fully interpreted. 

CONCLUSIONS 

Py-MS in conjunction with multivariate statistical analysis of Peru margin sediments has allowed several 
insights to be made into the formation and transformation of macromolecular organic matter during early 
diagenesis. Distinctive depth-related changes in chemical composition were observed, including a loss of 
sugar-containing moieties and an increase in sulfur content. Features reflecting fluctuations due to other 
influences on organic matter composition were also detected. This study demonstrates the utility of this 
approach as a rapid method for providing information on macromolecular sedimentary organic matter 
composition. 
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Table 1 Geochemical Description of Samples of Peru Sediments from core SC3. 

Sample # Depth (cm) TOC (%I %N Dry wUwet wt. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

4-5 
9-10 
1617 
27-28 
30-31 
38-39 
4243 
46-47 
55-56 
6566 
70-71 
75-76 
77-78 
85-86 
94-96 

11.10 
9.20 
9.17 
9.79 
11.02 
0.67 
8.19 
6.19 
7.67 
7.67 
6.81 
6.94 
7.61 
7.m 
7.09 

126 
1.07 
1.17 
1.19 
1.26 
1.21 
1.03 
0.71 
088 
0.92 
0.77 
0.79 
0.87 
0.75 
0.77 

0.0699 
0.0640 
0.076 
0.0831 
0.1115 
0.1381 
0.0978 
0.0859 
0.1026 
0.2415 
0.1467 
0.2610 
0.2532 
0.1717 
0.1741 

Table 2 Results from Factor analysis of normalized Py-MS data. 

Factor Eigen Val. % Total Var. 9i Cum. Var. 

1 
2 
3 
4 
5 
6 
7 

Disa. Tunc. 

1 
2 
3 
4 
5 
6 
7 

118.01 50.87 5087 
39.91 17.20 68.07 
12.07 5.20 73.27 
8.27 3.57 76.84 
4.94 2.13 78.97 
3.92 1.69 80.66 
3.78 1.63 82.29 

Table 3 Results from Discriminant analysis of Py-MS data. 

Eigen Val. % Outer Var. % Total Var. Canonical Corr. 

40.30 
11.57 
7.79 
3.84 
1.16 
029 
0.18 

61.88 17.10 0.988 
17.77 4.92 0.959 
11.96 955 0.941 
5.89 38.16 0.891 
1.77 431 0.732 
0.45 5.70 0.475 
0.27 255 0.388 
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Figure 1. Averaged Py-MS spectra from triplicate analyses 

of four extracted Peru sediments from core SC3. 
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Figure 2. Score plot from Discriminant analysis of normalized Py-MS data: 
(a) Discriminant Function 1 versus Discriminant Function 2; 
@) Discriminant Function 3 versus Discriminant Function 4. 
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Figure 4. Variance diagram.(VARDIA) showing presence of four discrete chemical component 
axes in the space spanned by discriminant functions 1 and 2 (a) and 3 and 4 @). 
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INTRODUCTION 

Geomacromolecules, which account for by far the greatest part of organic matter in sediments, are, 
due to their physical properties and complex structures, not easily accessible for common spectroscopic 
methods to eludicate their structure. Therefore, thermal and chemical degradation techniques are often 
applied to obtain structural information on these substances. Flash pyrolysis (Py) in combination with gas 
chromatography (GC) and mass spectrometry (MS) has proven to be a useful method of characterizing 
geomacromolecules (e.g. kerogen) at a molecular level.'*' Upon flash pyrolysis of kerogen mixtures of n- 
alkanes, n-alk- I-enes, saturated and aromatic (poly)cyclic hydrocarbons are commonly generated. 

However, the mechanisms by which these compounds are formed are not completely known. This 
is surprising since a full understanding of the thermal degradation processes is essential for interpretation 
of the compound distributions with respect to the macromolecular structure. Therefore, we have flash 
pyrolysed silicon-bound hydrocarbons, which serve as model compounds for hydrocarbon moieties in 
kerogen? Although these experiments gave some insight into the thermal degradation of hydrocarbon 
moieties. the major pyrolysis products were formed by processes involving the 0-Si and Si-C bonds and are 
thus not really representative of hydrocarbon moieties in kerogen. 

In this paper we report the C&, alkylbenzene distributions in flash pyrolysates of two kerogens and 
flash pyrolysis experiments with new model compounds (sodium salts of fatty acids) aimed at the 
interpretation of the alkylbenzene distributions of the kerogen pyrolysates. 

EXPERIMENTAL 

Sediment samples were extracted and decarbonated (Paris Basin shale, G6-2-2') or isolated (Womble 
shale') and subsequently re-extracted with organic solvents. 

Hexadecanoic acid and 12-hydroxy-octadecanoic acid are commercially available (Aldrich) and were 
converted to their corresponding sodium salts by adding a NaOH solution followed by evaporation of the 
water. 16-(4'-methylphenyl)hexadecanoic acid was synthesized by a Grignard reaction of 16-oxo- 
hexadecanoic acid, prepared by oxidation of 16-hydroxydecanoic acid (Aldrich). with 4-bromomagnesium- 
toluene and subsequent hydrogenolysis' of the formed alcohol using triethylsilane and BF,. etherate. 

The samples were pressed onto ferromagnetic wires. These wires were inductively heated in 0.15 s 
to their Curie-temperature (610" or 770°C) at which they were held for 10 s. On line gas chromatography 
(GC) was performed using a Hewlett Packard HP-5890 gas chromatograph equipped with a cryogenic unit 
and pro rammed from 0°C (5  min) to 320°C (IO min) at  a rate of 3"C/min. The pyrolysate was separated on 
a 25 m fused silica capillary column coated with chemically bound CP Sil-5 (0.32 mm I.D.; film thickness 
0.45 pm). 

PY-GC-MS was performed using the same pyrolysis and GC-conditions as mentioned above with 
a Hewlett Packard HP-5890 gas chromatograph directly coupled to the El ion source of a VG-70s double 
focussing mass-spectrometer (mass range m / z  40-800; cycle time 1.8 s; ionisation energy 70 eV). C,-C, 
alkylbenzenes were identified by comparison of relative retention time and mass spectral data with those of 
authentic standards. 
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RESULTS AND DISCUSSION 

Alkylbenrenes in flash pyrolysates of kerogen 

Alkylbenzenes are often important pyrolysis products of immature kerogens and coals. They are 
assumed to be formed via #-cleavage of alkylaromatic moieties in the kerogen structure.' The origin of these 
alkylaromatic units in kerogen is far from understood. Therefore, the C O X ,  alkylbenzene distributions of 
ca. 30 pyrolysates of immature kerogens from different geographical locations and of different types were 
examined to see whether these are biologically controlled. 

Figure 1 shows the alkylbenzene distributions of the flash pyrolysates of two kerogens from the 
Toarcian Paris Basin and the Ordovician Womble Shale which both contain type I1 kerogens. Significant 
differences between the distribution patterns are observed. For example, the abundance of 1.2.3.4- 
tetramethylbenzene (compound 36. Table I )  in the Womble flash pyrolysate relative to that in the Paris Basin 
pyrolysate is noteworthy. The substitution pattern of this compound suggests that it is generated by 8- 
cleavage of macromolecularly bound aromatic carotenoid structures. Five major aromatic carotenoids 
occurring in nature are: renieratene, isorenieratene. isorenierapurpurin, chlorobactene and okenone (figure 
2).7 They all possess 1 -alkyl-2,3,4-trimethyl- and 2-alkyl- 1,3,4-trimethylbenzene moieties, which are likely 
to generate 1,2,3,4-tetramethylbenzene upon flash pyrolysis. 

Since these aromatic carotenoids are mainly biosynthesized by photosynthetic sulphur bacteria, it is 
suggested that these bacteria were important contributors to the organic matter of the Ordovician Womble 
shale. Because of the natural habitat of photosynthetic sulphur bacteria this, in turn, suggests that a part of 
the photic zone of the water column or sediment was anoxic. 

This example shows that alkylbenzenes (and possibly other flash pyrolysis products) contain 
palaeoenvironmental information. However, to decode this information the mechanisms involved in the 
iormation of these pyrolysis products (e .g .  8-cleavage in case of alkylaromatic units) need to be known The 
study of model compounds is, therefore, a prerequisite to fully understanding kerogen pyrolysis product 
distributions. 

1 

Flash pyrolysates o f  model compounds 

The sodium salt of 16-(4'-methylphenyl)hexadecanoic acid was selected for study because unlike free 
fatty acids it will not evaporate off the wire without degradation and is, thus, a simple model compound for 
aromatic moieties in kerogen. It yields upon flash pyrolysis (figure 3A) a homologous series of 4- 
alkyltoluenes and 4-alkenyltoluenes with a chain length of up to 15 carbon atoms. The series of 4- 
alkenyltoluenes probably have their double bond in the o-position. These compounds are supposed to be 
formed by simple homolytic C-C bond cleavage. 1.4-Dimethylbenzene which would be the favoured 
pyrolysis product resulting from 8-cleavage of the aromatic moiety is also a major compound (figure 3A). 

However, the presence of 4-methylstyrene as a major pyrolysis product is puzzling. 'H NMR and 
TLC of the synthesized product indicated that it is not completely pure and contains a non-GC amenable 
impurity, which may be responsible for the formation of 4-methylstyrene upon pyrolysis. Alternatively, an 
uncommon rearrangement reaction of 16-(4'-methylphenyl)hexadecanoic acid sodium salt may also lead to 
the generation of this compound. Furthermore, the abundance of toluene and benzene in the pyrolysate is 
remarkable since the formation of these products requires the cleavage of a C-C bond D to the aromatic ring. 
Since this degradation pathway is deemed unlikely due to the relatively high bond strength, cyclisation and 
aromatization of the alkyl chain may be an alternative route to generate these products during flash 
pyrolysis. 

To investigate this phenomenon in more detail, the sodium salts of hexadecanoic acid and I2- 
hydroxy-octadecanoic acid were also flash pyrolysed (figures 3B and 3C). Flash pyrolysis of hexadecanoic 
acid generates a series of n-alkanes and n-alk-I-enes up to C,, (figure 3B). The lack of hydrocarbons with 
more than 15 carbon atoms shows that recombination of two radicals is not an important process. The peaks 
eluting after heptadecane are identified as hexadecanal and hexadecanoic acid, which evaporate from the 
wire during flash pyrolysis. The results of this experiment are comparible to the flash pyrolysate of Silicon 
bound n-octadecane? Benzene, toluene and other alkylbenzenes were not generated in detectable amounts, 
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indicating that cyclisation and aromatisation Of the n-alkyl chain is not occurring during flash pyrolysis. 

Surprisingly, flash pyrolysis of the sodium salt of 12-hydroxy-octadecanoic acid generates a 
homologous series of alkan-7-ones and alken-7-ones with the unsaturation in the w-position as the major 
products. However, more important from our point of view, benzene, toluene and, to a lesser extent, other 
alkylbenzenes (Le. 1-phenylalkanes, 2-alkyltoluenes) which can be formed by cyclisation and aromatisation 
of a linear chain are also important pyrolysis products. This indicates that if an alkyl moiety contains at least 
one functional group alkylbenzenes can be formed via cyclisation and aromatisation reactions during flash 
pyrolysis. 

CONCLUSION 

Alkylbenzene distributions in kerogen pyrolysates have a potential to give information on biological 
contributions and palaeoenvironmental conditions. However, much more work aimed at the understanding 
of the thermal processes responsible for their formation has to be performed before we can fully decode the 
information contained in pyrolysis product distributions. Experiments with model compounds are essential 
in this respect but our preliminary investigations are rather confusing and warrant further investigation. 
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Table 1: Alkylbenzener identified in kerogen pyrolysates 

renieratene 

isorenieratene 

renierapurpurin 

chlorobactene 

okenone 

Fiaure 2, Chemical structures of some aromatic carotenoids. 
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COAL PYROLYSIS: MEASUREMENTS AND MODELING OF PRODUCT EVOLUTION 
KINETICS AND CHAR PROPERTIES 
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INTRODUCTION 

Thermogravimetric analysis (TGA) has been employed in coal science to perform a number of 
characterizations including: pryximate analysis, kinetics of weight loss,2 char reactivity,w and 
gas adsorption measurements. A complementary technique, evolved product analysis, has 
been employed to study pyrolysis product distributions and kinetics,C'' functional group 
compositions,'0~'2'3 and temperature programmed des~rption.'~'~ We have developed a 
TG-FTIR instrument which combines TGA with evolved product analysis by Fourier Transform 
Infrared (FT-IR) spectroscopy. FT-IR analysis of evolved products has advantages over mass 
spectroscopy in allowing analysis of very heavy products, and over gas chromatography in 
speed. 

The application of TG-FTIR to coal and petroleum source rock has recently been des~ribed.'~.'' 
To analyze coal, a sequence of drying, pyrolysis and combustion is employed to obtain: 
proximate analysis, volatiles composition, volatiles kinetics, and relative char reactivity. By 
using several different heating rates, kinetic rate constants have been ~btained.'~.'' The 
purpose of this paper is to describe its application in characterizing the volatile evolution 
kinetics and char reactivities of the Argonne premium coal samples. The technique is being 
employed to obtain the kinetic and composition parameters for a recently developed general 
model of coal pyrolysis, called the FG-DVC model.m which stands for Functional Group - 
Depolymerization, Vaporization and Crosslinking model. This is a network model based on an 
assumed polymeric structure for coal and includes the processes of depolymerization and 
crosslinking and the formation of char, tar and gases. The reactivity parameters will be 
included in an extension of the model which is currently under development. 

EXPERIMENTAL 

&EG!lm - A schematic of the TG-FTIR instrument is presented in Fig. 1. Its components are 
as follows: a DuPont 951 TGA; a hardware interface (including a furnace power supply); an 
Infrared Analysis 16 pass gas cell with transfer optics; a MICHELSON 110 FT-IR; (Resolution: 4 
cm~', Detector: MCT). A helium sweep gas (250 cc/sec) is employed to bring evolved products 
from the TGA directly into the gas cell. A window purge of 700 cc/sec is employed at each 
end of the cell. The system is operated at atmospheric pressure. This instrument package is 
now available commercially as the 'TG/plus' from Bomem, Inc. 

The most difficult volatiles to analyze are the heavy decomposition products which condense at 
room temperature, such as tars from coal. In the TG/plus, the high conductivity helium sweep 
gas and the rapid cooling cause these products to form an aerosol which is fine enough to 
follow the gas through the analysis cell. The cell is connected without restrictions to the sample 
area. The aerosol is also fine enough that there is only a little scattering of the infrared beam 
and it is thus attenuated almost as though the tar was in the gas phase, as shown in Fig. 2. 
Based on the aerosol's Rayleigh scattering of infrared radiation, the diameter of the aerosol 
droplets is less than 1 .o pm. 

Procedure - As an example of the analysis procedure, the pyrolysis and oxidation of a lignite is 
described. More detail can be found in Refs. 16 - 18. Figure 3a illustrates the weight loss from 

74 6 



this sample and the temperature history. A 35 mg sample of Zap lignite, loaded in the sample 
basket of the DuPont 951, is taken on a 30'C/min temperature excursion in the helium sweep 
gas, first to 15O'C to dry for 240 sec, then at 30'C/min to 9OO'C for pyrolysis. Upon reaching 
W ' C ,  the sample is immediately cooled to 250'C over a twenty minute period. After cooling, 
a small flow of 0, (0.3 cc/sec) is added to the helium sweep gas at the 57 minute mark and 
the temperature is ramped to 700'C at 3O'C/min (or as high as I K O T )  for oxidation. 

During this excursion, infrared spectra are obtained once every thirty seconds. As shown in 
Fig. 2, the spectra show absorption bands for CO, CO,, CH,, H,O, SO,, COS, C,H,, and NH,. 
The spectra above 250'C also show aliphatic, aromatic, hydroxyl, carbonyl and ether bands 
from tar. The evolution of gases derived from the IR absorbance spectra are obtained by a 
quantitative analysis program which employs a database of integration regions and calibration 
spectra for different compounds 
which permit the best quantitation with the least interferences. The routine is fast enough to 
allow the product analysis to be displayed on the computer screen during the actual 
experiment. 

Figure 3b illustrates the integral of the evolution curves to obtain cumulative evolved product 
amounts. Because the data are quantiative, the sum of these curves match the weight loss as 
determined by the TGA balance. Discrepancies occur in this match because of missing 
components such as H, which cannot be seen by IR. Also, when 0, is introduced, the balance 
shows a net gain in weight due to 0, chemisorption. 

Reactivltv Measurements - Initial char reactivity measurements were made using the 
isothermal measurement developed at Pennsylvania State University in which the time for 50% 
burnoff (so,J was measured? In our char characterization work, we had difficulty applying the 
isothermal technique to chars formed over a wide range of conditions. A temperature level 
selected for one char was inappropriate for another. The temperature was either too high for 
the rate to be chemically controlled or too low for the T ~ , ~  to be reached in a reasonable time 
period. 

In order to overcome this difficulty, a non-isothermal technique was developed." A 
Perkin-Elmer TGA 2 was initially used for this method. Recent measurements have been made 
using the TG-FTIR instrument discussed above and good agreement has been found between 
these two systems. The sample is heated in air at a rate of 30 K/min until a temperature of 
9OO'C is reached. The TGA records the sample weight continuously and, at the end of the 
experiment, the weight and derivative are plotted. 

The 'critical' temperature (T,) at which the derivative of the fractional weight loss with respect to 
time reaches a value of 0.065 wt. fraction/min = 0.001 wt. fraction/s was chosen as an index of 
reactivity to be compared with the T , ,  values measured by the isothermal technique. The 
actual critical slope used is arbitrary. A value is chosen which is large enough to be 
unambiguously determined, but small enough so that reaction occurs in the chemically 
controlled regime. Values of In T , ,  were plotted against 1 /Tc, and a good correlation was 

TtNnDeratUre Proarammed Desorotlon - Temperature programmed desorption (TPD) has 
proved to be a valuable tool for characterization of surfaces of carbonaceous materials such as 
coal  char^.'"'^ An example of the application of this technique to the characterization of chars 
from two coals is shown in Figure 4. This work was done in our TG-FTIR system described 
above by operation in a slightly different mode. The chars were prepared by programmed 
pyrolysis at 30' C/min to 1000' C, then cooled to 200' C, exposed to air for ten minutes, and 
then reheated to 1000° C. Samples which have a high oxidation reactivity have a larger 
increase in weight due to 0, uptake and desorb CO, much mora readily. In Figure 4, a 
comparison is made between a highly reactive char produced from a low rank (Zap lignite) coal 
(solid line) compared with a relatively unreactive char produced from a high rank (Pocahontas) 
coal (dashed line). The differences between these samples can be rapidly and easily assessed 
using this technique. 

The routine employs regions of each calibration spectrum 

observed? 
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Satnoleg - The coals analyzed were Argonne premium coal samples. The characterization of 
these samples has appeared elsewhere?' 

RESULTS 

Char Prooertleg - The results from the application of the TG-FTIR instrument to measurements 
of T, and oxygen chemisorption capacity on the Argonne Premium coals are shown in Fig. 5. 
As expected, the values of Tu decrease with decreasing rank which indicates that lower rank 
coals are more reactive. This variation in reactivity with rank is primarily due to mineral 
contributions to reactivity." The measurements of oxygen chemisorption capacity (OCC), 
which are related to the active site concentration, are inversely related to Tu and are also shown 
in Fig. 5. In our work, we have found that the value of Tu is a more useful correlative parameter 
for reactivity than the OCC.= 

Klnetlq - The TG-FTIR system was used to conduct programmed pyrolysis experiments on the 
Argonne premium coals over a range of heating rates (3, 30, 50, lOO"C/min).' .lo When 
comparing the multi-peak evolution curves of a given specie in different coals, an interesting 
feature was observed. As the coal Is increased in rank, the leading edges and the early peaks 
shift to higher temperatures while the trailing edges remain at the same temperature. An 
example of this is shown for water for five coals in Fig. 6?3 From this figure it appears that this 
feature can be explained in the light of the geological aging process of coal formation. With 
increasing aging temperature and time, the maturation process gradually evolves the loosely 
bound functional groups and leaves the tightly bound groups intact. The FG-DVC model has 
been used to successfully simulate the shifts In the evolution curves as a function of rank.= 
This was done by extrapolating the kinetics determined in the TG-hlR experiments at moderate 
heating rates (3-100°C/min) to geological conditions and assuming that the coals of increasing 
rank are the products from lower rank coals pyrolyzed under natural conditions at increased 
times and temperatures. 

Relatlonshlos between Kinetic Rates of Different Volatile Soecles - It was also found that 
some pools in the different gas species have peak evolution rates at the same temperature and 
those peaks have the same shifts when the heating rate changes. The Utah Blind Canyon coal 
gives a good example as shown in Fig. 7. The TG-RIR measurements indicate that the tar 
evolution, the C0,-Loose, CO-Loose, and the H,O-Loose pools all show very close peak 
temperatures at about 480' C for 30" C/min., at about 519' C for lOOo C/min. and at about 
430 C for 3' C/min. runs. This feature implies that these volatile pools can be fd with the same 
kinetic parameters. This may also imply that there is some common chemistry. 

Model Predlctions - The kinetic parameters for the functional group pools from the eight 
Argonne premium coals have been determined using a set of rules that were developed to 
allow a systematic method of establishing the rank variations (e.g., the frequency factors were 
fixed at values of less than 10'5/sec. and only the activation energies were allowed to vary with 
rank). The details will be provided in a Mure publication. A typical comparison of theory and 
TG-FfIR experiments is shown in Figs. 8 and 9 for two widely spaced heating rates. The 
agreement between the theory and experiment is generally quite good except for CO,. For this 
specie, residual oxygen in the TG-FTIR causes some oxidation at the slowest heating rate and 
minerals contribute evolved CO, which is not modeled. CO also shows some differences in the 
predicted amplitude, while the agreement is good for water, weight-loss, CH,, tar and H,O. The 
kinetic parameters obtained from the TG-FTIR method extrapolate well to very low heating rates, 
as in natural maturation processes,= as well as to the high heating rates of importance in most 
coal gasification and combustion processes.'' 

CONCLUSIONS 

The TG-FfIR instrument provides a simple, fast and reliable method for providing information on 
product evolution kinetics and char reactivity for coals and other polymeric materials. The 
information from this test has been used to provide validated kinetic and composition 
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parameters for a general model of coal pyrolysis, called the FG-DVC model. This model can 
make accurate predictions of both very low and very high heating rate pyrolysis events. 
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SURFACE MODIFICATION OF OXIDIZED COAL BY METHANOL VAPOR 
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ABSTRACT 

A bituminous coal was oxidized at 125°C for times varying from 0 t o  48 hours and 
then chemically treated with a gaseous mixture of nitrogen, methanol, and an acid 
catalyst at 190°C for one .hour. The differences between oxidized and methanol- 
treated coal surfaces were characterized by zeta potential, induction time, and 
contact angle measurements. Methanol-treated coals had more positive zeta 
potentials, lower induction times, and higher contact angles indicating a significant 
increase in the hydrophobicity of the treated coal surfaces. Using C13 labeled 
methanol for tracing the reaction products, NMR analysis indicated between 0.5 - 1.2 
carbons are added per 1000 carbons of coal as a result o f  the treatment. 

INTRODUCTION 

In fine coal processing, the product quality depends largely on the  surface 
properties of the feed coal. Processes that rely on surface properties of coal and i ts  
associated mineral matter include flotation [l-31, selective a glomeration 14-61, 
selective flocculation [7,8], and electrostaticseparation [9,10]. T%e rheology o f  coal- 
water and coal-oil slurries is also dependent on the surface properties of the coal and 
itsassociated mineral matter [I 1-13]. Therefore, in handling or processing fine coals, 
we must understand the relationship between their surface properties and 
beneficiation response. 

The hydrophobicity o f  the coal surface varieswith rank, the extent o f  oxidation, and 
the nature and amount of inorganics. During mining, stockpiling, and processing o f  
coal, oxidation of the coal occurs. Such oxidation can dramaticall influence the 
wettabilitf o f  the coal particles resulting in poor recoveries in sudce-dependent 
coal bene iciation processes. 

Both fresh and oxidized coals contain a variety o f  functional groups containing 
oxygen, nitrogen, and sulfur. Due to their abundance and polarity, oxygen 
containing functional groups contribute more to  the chemical behavior o f  the coal 
surface than do those containing nitrogen and sulfur. Analyses of  coals indicate 
thatthe major oxygen functional roups are phenols, ethers, and carbonyls [14-19]. 
The presence of polar oxygenate ?unctionat groups, such as phenols and carbonyl 
containing groups, is assumed t o  result in increased hydrophilicity o f  the coal 
surface. 

Capping of polar oxygenate functional groups through methylation is expected t o  
increase the h drophobicity o f  the coal surfaces. A method for the methylation of  
coal,surfaces zas been reported [20]. This method consists of treating.fine coal 
particles with a gaseous mixture of nitrogen, methanol vapor, and an acid catalyst 
(SO2 or HCI) a t  temperatures of 150 -190°C for one hour. It is proposed that the polar 
coal hydroxyl groups (ROH) are converted to ethers, while the carboxylic groups 
(RCOOH). if present, are esterified. The following chemical reactions were proposed: 
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ROH + CH30H AcidCatalvst ~ ROCH3 + HzO 
Heat, N2 

Alcohols or Methanol Ethers Water 
Phenols 

RCOOH + CH30H AcidCatalvst , RCOOCH3 + H2O 
Heat, N2 

Carboxylic Methanol Esters Water 
Acids 

and 

The resulting ethers and esters are less hydrophilic than the ori  inal phenolic and 
carboxylic groups and have less hydrogen bondin potential. Aaer this treatment, 
the coal particle surface becomes more hydropho%ic and should respond better in 
conventional beneficiation processes. 

In this investigation, a Pittsburgh seam bituminous coal was air oxidized a t  125OC for 
various times up t o  48 hours, and some of these oxidized samples were treated with 
methanol as described above. The oxidized and methanol-treated coal surfaces 
were characterized by measurement of  zeta potential, induction time, and contact 
angle. The determination o f  the de ree of methylation was achieved by reacting the 
coal wi th C13 labeled methanol in %e presence of an acid catalyst followed by NMR 
analysis of the incorporated C13 label. The goal of  this investigation was t o  clarify 
the chemistry of  this surface modification method. 

EXPERIMENTAL PROCEDURES 

Sample Preparation: 

The ultimate analysls o f  the Pittsburgh seam bituminous coal is shown in Table 1. 
Both 100 X 325 mesh coal powders and lcm x2cm x3cm coal chunks were examined. 
The powdered coals were prepared by passing a 1/4 inch X 0 size fraction through a 
jaw crusher followed by hammer milling to yield a 28 X 0 mesh sample. This coal 
sample was then dry screened t o  obtain the 100 X 325 mesh size fraction. The coal 
chunks were machined and wet ground t o  the desired size. One side of  the chunk 
was polished with emery cloth and alumina powder t o  obtain a smooth surface. 
Both the powered coal samples and the coal chunks were stored under an argon 
atmosphere t o  reduce air oxidation. 

Accelerated Oxidation: 

The coal samples were placed in an oven at 125OC for2,4! 8,24, and 48 hours. The 
bed thickness for the coal powders during this oven oxidation was approximately 1/8 
inch. All of the oxidized coals were stored under argon after treatment. 

Methanol Treatment: 

As described by Attar [211, the oxidized coal samples were exposed t o  a gaseous 
mixture of nitrogen, methanol, and eitherSO2 or anhydrous HCLat a temperature of  
190°C for one hour. Twenty-gram samples o f  powered coal were poured into a 
fritted one-inch diameter VYCOR tube 18 inches Ion with glass wool on both sides 
t o  maintain the uniform solid core packing. The coaqchunk was placed in the same 
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tube and the chunk was also centered using glass wool. The methanol saturated 
nitrogen gas flow during these runs was approximately 680 m h i n  with 7.0 volume 
percent of the flow being the acid catalyst (SO2 or HCI). After treatment, samples 
were cooled to  room temperature and stored under argon. 

Zeta Potential Measurements: 

Zeta potentials of these oxidized and treated fine coals were measured using the 
PEN KEM LASER ZEE MODEL 501 instrument. Coal particles (0.309) were placed in 
100 ml of 10-3 M potassium nitrate solution and sonified for one minute. The proper 
pH was achieved by addition of dilute nitric acid or sodium hydroxide solutions and 
the zeta potentials were measured in the pH range of 2.0 - 11 .O. 

Induction Time Measurements: 

The attachment of  a particle t o  an air bubble is the requirement for successful 
flotation. This phenomenon involves the thinning and rupture of the wetting film 
between colliding bubble and particles. Induction time I22-231 is defined as the 
contact time required t o  thin the disjoining film between coal particle and air 
bubbles and establish a three-phase contact. This important parameter is closely 
related t o  flotation processes and is useful in determining flotation kinetics as well 
as in predicting flotation recoveries of fine coal particles. 

Using accepted procedures 1231 fo r  obtaining consistent induction t ime 
measurements, one gram of fine coal particles was agitated in 100 ml of distilled 
water for two minutes. After the formation of a uniform coal slurry, approximately 
20 m l  was transferred into a rectangular optical PLEXIGLASS cell to  form a bed o f  
particles. The cell was placed on the moving stage of  the microscope for  
measurements. Inside the cell, a microsyringe was used to  form an air bubble 2mm 
in diameter at the t ip  o f  the glass tube and le t  stand for one minute t o  reach 
equilibrium before making contact with the particle bed. The contact time was 
gradually increased from short times to  determine the minimum time for the particle 
t o  adhere to  the surface of the bubble. The contact time was then preset and ten 
measurements were taken at different regions of the particle bed t o  yield the 
average induction time. 

Contact Angle Measurements: 

Contact angle has been widel used to  evaluate the hydrophobic nature of  coal, first 
by Brady and Gauger [24], w(o showed that the hydrophobicity varied with rank. 
Later, Horse1 and Smith [25], Sun [26], and Aplan [27] have investigated in detail the 
relationship Letween the contact angle and rank and have related the contact angle 
t o  coal floatability. 

The contact angles in this work were measured usin the captive bubble method 
[281. The polished coal chunks were mounted and pqaced into distilled water in a 
PLEXIGLASS cell. The air bubble was attached to  the oxidized and treated coal 
surfaces b using a screw-type microsyringe equipped with an inverted 22 gauge 
needle. T i e  air bubble was allowed t o  reach equilibrium for 20 minutes and the 
contact angle measurement was taken on both sides of the bubble by a Gartner 
Scientific goniometer at ten different areas over the polished surface. 

SurfaceTreatment using C13 Labeled Methanol : 
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TO obtain a better understanding of the proposed chemical reactions, C13 labeled 
methanol was reacted with coal particles to determine the degree of  methylation. A 
250 ml three-necked round bottom flask was charged with 700 mg of  untreated 
Pittsbur h seam coal and then flushed with nitrogen. The flask was heated t o  190°C 
with a aeatin mantle and was allowed t o  equilibrate (190 +/ -  5OC). After 
equilibration, t t e  pure nitrogen atmosphere was replaced with nitrogen containing 
7 percent acid catalyst. The C13 labeled methanol from the Aldrich Chemical Co. (99  
atom % ).was added from a microsyrin e, through a MlNlNERT valve into a small 
suspended beaker for the saturation 07 the reaction atmosphere. To assure that 
saturation was achieved, the labeled methanol was added until droplets were 
observed condensing on the walls of the flask. The coal sample was exposed t o  this 
gaseous mixture for one hour. Following reaction, the flask was swept w i th  
nitrogen and cooled t o  room temperature. To assure that ph sically adsorbed 
reagents were removed, the treated coal samples were vacuum dYried for 24 hours 
and stored under argon. 

The methylated coal samples were analyzed by a Brucker CXP-100 nuclear magnetic 
resonance spectrometer. The spectra were acquired by spinning at the magic angle, 
using a cross-polarization contact time of 1.0 ms, 3.5 pm -90 degree pulse width and 
a 2.0 second recycle time. The spectrometer was operated at 25.18 MHz and the 
aromatic carbon resonance was assigned a chemical shift of 129 ppm. 

RESULTS AND DISCUSSION , 
Air oxidation of the coal under either ambient temperature conditions or under 
accelerated conditions can result in the uptake of oxygen and the conversion of  
hydrocarbon constituents into oxygen containing functional groups [29-321. 

Accelerated oxidation of  the Pittsburgh seam coal indicates that at long exposure 
times there was a significant increase in the oxygen content determined by 
difference. The results of the oxidation of this coal are summarized in Table 2. 

As expected, the oxygen content increased with the oxidation time. The apparent 
increase in the oxygen content shown in Table 2 is a measure of total oxidation and 
should not be interpreted directly as increase in oxygen functionality on particle 
surfaces. Increasing the number of polar groups on the coal surface is expected t o  
cause the coal to become more hydrophilic. The increase in the hydrophilicity of  the 
oxidized coals can be attributed t o  increased interfacial attractive forces between 
polar oxygenate functionality on the coal surface and liquid water. 

The surface potential of  particles in an aqueous solution can be determined by 
electrophoresis, in which electrophoretic mobilities (u) are measured in an applied 
electric field. The zeta potential ( 5 )  for a particle in an aqueous solution can be 
calculated by the von Smoluchowski equation (1): 

5 = I I ~ / ( E ~ E ~ )  

where 17 is the viscosity of the aqueous SoIuTion, Eris its dielectric constant, andEo is 
the permittivity of  free space. 

Figure 1 shows the zeta potentials in aqueous solutions of pH 2 t o  11 for fresh and 
oxidized coals. The ne ative potentials observed at high pH are assumed t o  result 
from the adsorption ofaydroxyl ions and/or the deprotonation of  acid sites, and the 
positive potentials observed at low pH result from the adsorption of  hydrogen ions 
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on basic sites. Comparison of the zeta potentials between the fresh and oxidized 
Pittsburgh seam coals overthe pH range of 2 t o  11 reveals that the zeta potentials of 
the oxidized coal are approximately 30 mV more negative than the fresh coal in the 
entire pH range. Furthermore, the curve of the zeta potentials of the oxidized coal 
does not have an isoelectric point (point of zero charge) while the fresh coal has an 
isoelectric point at the pH of 5.0. Since these zeta potentials are measures of the 
average distribution of surface potential, it is apparent that the oxidized coal 
surfaces are dominated by acidic sites while the fresh coal has a mixture of  basic and 
acidic sites. This increase in acidic sites on the oxidized coal surface is also supported 
by the observed increase in the oxygen content shown in Table 2. It is assumed that 
the presence of more oxygen containing functional groups (i.e., phenols or 
carboxylic acids) on the interface between the coal particle and the aqueous phase 
will cause the coal t o  be more hydrophilic. 

Both the induction time and contact angle measurements in Figures 2 and 3 indicate 
that the coal surface becomes more hydrophilic with longer oxidation times. The 
fresh Pittsburgh seam coal had an induction time of 1350 microseconds. After 48 
hours of oxidation, this value increased t o  2200 microseconds. Fresh Pittsburgh seam 
coal had a contact angle of 45 degrees, which decreased t o  21 degreesafter 48 hours 
oxidation. The increase in induction time and the decrease in the contact angle 
indicate that a more hydrophilic surface results from oxidation. 

Following oxidation, 20 gram samples of oxidized coal were treated wi th  the 
gaseous mixture of nitrogen, methanol, and 7% sulfur dioxide at 190°C for one hour 
t o  investigate restoration of  the hydrophilicity of the coal surface. In Figure 4, it is 
apparent that the zeta potentials o f  the methanol-treated oxidized coal powder 
show a significant increase of approximately 20 mV as a result of treatment. This 
suggests a reduction in the acidicsitesof the treated coal surface indicating a hi her 
level of hydrophobicity. Comparison of the treated coal (Figure 4) with the aesh 
coal (Figure 1) shows that the isoelectric point was only slightly lower (pH of 4.2 
verses 5.0) for the treated coal, su gesting that the oxidized coal surface was 
restored t o  nearly i ts original hydropzobicity. 

Consistent with the zeta potential changes observed, the methanol treatment also 
reduced the induction time and increased the contact angles o f  the oxidized coals. 
Both results, presented in Figures 2 and 3, indicate increasing hydrophobicity of the 
oxidized coal surface as a result of the treatment. 

To determine the effectiveness of  the acid catalyst, a comparison study was 
performed using C13 labeled methanol. Pittsburgh seam coal was reacted on a small 
scale, as described in the experimental section, with the C13 labeled methanol with 

' and without acid catalyst (SO2 or anhydrous HCI). These C13 labeled coal samples 
were then analyzed by NMR to determine the amount of methylation. 

The spectra from the treated samples are shown in Figure 5. The peak at 52 ppm 
indicates that methylation occurred; however, the labeled peak is enhanced b 100 
fold due t o  the 99% C13 enrichment of the labeled methanol. The spectra ideate 
that the level of methylation was the highest when anhydrous HCI was used as the 
acid catalyst. The incorporation of the labeled methanol can be determined by the 
change in aromaticity during the treatment. The carbon aromaticity of the coal 
samples determined by the NMR analyses is summarized in Table 3. 

The NMR results presented in Figure 5 and Table 3 can be used t o  estimate the 
degree of  derivitization of the coal. The results are tabulated in the last column of 
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Table 3. The values are arrived at by assuming the chemistry is simple conversion of 
coal hydroxyl groups t o  methyl ethers: 

Coal-OH + *CH30H ---+ Coal-O-*CH3 + H2O 

The uncertainty in measurements of  fa (aromaticity of the coal) is substantial, bu t the  
data indicates little if an influence of gaseous SO2 as an acid catalyst for  the above 
reaction. However, t t e  presence of  gaseous HCI appears t o  increase t h e  
incorporation of  label into thecoal. In all casesthe amount of apparent methylation 
is small (0.5-1.2 carbons/1000 carbons of coal) when expressed in terms o f  total  
carbon in the sample. This could be misleading if the derivitization reaction is 
limited to the coal surface, because only a very small fraction of  the total sample 
carbon is present as exposed carbon on the particle surface. Unfortunately, the CP 
C13 NMR is not surface selective and yields only a measure of derivitization relative 
t o  the total carbon in the sample. Other chemical reactions could also result in the 
incorporation of  label into the product coal t o  produce esters or silylethers. 

The similarity of  the methoxy chemical shifts of product structures is such that we 
cannot rule out the possibility that these mechanisms o f  incorporation are minor 
contributorsto the C13 intensity in Figure 5. 

SUMMARY 

Accelerated oxidation of  the Pittsburgh seam coal resulted in a more hydroph,ilic 
surface, which was indicated by more negative zeta potentials, higher induction 
times, and lower contact angles. However, upon treatment of  these oxidized coals 
with gaseous nitrogen, vaporized methanol, and 7 percent SO2 at 190°C for one 
hour, the apparent original hydrophobicity of  the coal was restored. 

NMR analysis of  the C13 labeled coal indicates that anhydrous HCL is a more 
effective methylation catalyst than SO2 and confirms that the proposed methylation 
reactions do occur. The NMR results indicate little if any enhancement of methoxy 
incorporation when SO2 treatment is compared with simple treatment with no acid 
catalyst in the methanol saturated nitrogen. 
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TABLE 1: ULTIMATE ANALYSIS OF AS-RECEIVED PllTSBURGH SEAM COAL, 
GIVEN AS PERCENT BY WEIGHT 

Moisture 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Ash 
Oxygen (by difference) 

1.3 
78.1 
4.9 
1.5 
1.2 
5.5 
8.1 

TABLE 2 : OXIDATION OF PIITSBURGH SEAM COAL AT 125 C 

TIME (HRS.) OXYGEN CONTENT (Wt.%p 
0 8.1 
4 8.5 
8 8.5 
24 9.9 
48 10.8 

*WEIGHT DIFFERENCE METHOD 

- 

TABLE 3 : EXPERIMENTAL RESULTS OF C13 LABELED METHANOL-TREATED COALS 

COALSAMPLE AROMATICITY (+/- 0.02) C13/1000 CARBONS 

UNTREATED 0.71 
NO AClDtCATALYST * 0.68 
7 % SO2 0.68 
7%HCL' 0.64 

_ _ _ _  
0.5 
0.5 
1.2 

ALLTREATMENTS PERFORMED IN THE PRESENCE OF C13 LABELED METHANOL 
AND NITROGEN AT 190°C FOR ONE HOUR 
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INTRODUCTION 

Coals are macromolecular solids (1). Although they are not 
polymers in the sense they possess a repeat unit, they do possess 
several properties typical of synthetic crosslinked macromolecular 
networks ( 2 ) .  The crosslinks are thought to be covalent in nature. 
Hydrogen bonds ( 3 , 4 )  and intermolecular polarization forces (5,6) 
can be important associative forces as well. 

Coals behave as glassy materials at room temperature ( 2 ) .  In the 
glassy state, macromolecular motion is impeded and only short 
segmental motion of the polymer chain is possible. The glassy 
state of a material is characterized by its glass transition 
temperature, T I  the temperature at which the polymer changes from 
a glass to a grubber. A rubber is characterized by significant 
macromolecular mobility compared to the glassy state. The 
practical utility of polymers and their different properties depend 
heavily on their glass transition temperatures. Thus, an important 
area of research is to understand how different molecular features 
affect the glass transition temperature. 

This research is based on the premise that the glass transition 
temperature is a fundamental property of coals as well, and that it 
may have an important relation to several other coal properties. 
For example, the diffusivity of organic solvents in polymers 
increases by several orders of magnitude at the glass transition 
temperature (7). If the same concept can be applied to coal, the 
advantages of lowering the glass transition temperature of coal to 
enhance coal reactivity are obvious, particularly if the reaction 
is thought to be diffusion-controlled. Peppas & d. have 
demonstrated that coals swollen with pyridine exhibited lower glass 
transition temperatures than unswollen coals ( 8 ) .  In this 
research, we are primarily concerned with the impact of the network 
of hydrogen bonds in coals on their glass transition temperatures. 
Both differential scanning calorimetry (DSC) and thermomechanical 
analysis (TMA) were utilized to establish the importance of 
hydrogen bonding to T, for two Argonne premium coals. 

EXPERIMENTAL 

samule Preparation. Argonne premium Illinois and Wyodak coals were 
obtained in sealed ampoules from Argonne National Laboratory. Both 
Coals were dried overnight under vacuum at 105'12. Analysis found: 
Illinois #6; C, 65.6%; H, 4 . 7 % ;  N, 1.2%: Wyodak; C, 67.5%; H, 
4 . 9 9 % ;  N, 0 .84%.  The coals were alkylated according to the method 
of Liotta ( 3 )  using tetra-a-butylammonium hydroxide and the 
appropriate alkyl iodide in THF. One sample was exposed to THF 
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with no alkylating agent and is identified as the THF blank. Both 
elemental and IR analysis confirmed that alkylation had occurred. 

Differential Scannina Calorimetry fDSCl. The DuPont 910 DSC was 
used to measure the glass transition temperatures of the samples. 
Samples were heated from ambient to 600'C at a heating rate of 
10'C/min. The system was purged with nitrogen at a rate of 100 
ml/min to provide an inert atmosphere. Sample sizes of 5 mg or 
less were used. The DuPont 2000 Thermal Analysis System was used 
to analyze the data. Heat flow was plotted as a function of 
temperature. The glass transition temperature is indicated by a 
change in the baseline curve in a negative direction. The analysis 
package identified the inflection point of the change in the curve 
and this inflection was reported as T,. 

Thermal aravimetric analvsis fTGAl. The Shimadzu HT 50 TGA was 
used to monitor weight loss as a function of temperature. The 
samples were run under nitrogen at a flow rate of 100 mL/min and 
heated from ambient to 550'C at a heating rate of lO"C/min. 

Thermomechanical Analvsis ITMAL. The DuPont 943 TMA was employed 
to assess the softening characteristics of the coals. The TMA uses 
a weighted probe that will penetrate the sample due to the 
softening which indicates the onset of the glass transition. Probe 
displacement is plotted as a function of temperature and the 
softening point is indicated by a negative probe displacement. The 
macroexpansion probe was used on the TMA. The coal samples were 
obtained in powdered form. Flat-bottom aluminum DSC pans were used 
to hold the samples. The coal powder was packed into the pans to 
a thickness of about 2-3 mm. Typical sample weights were about 20 
mg. The pans were then placed in the TMA under a 100 g weight 
load. This was done to ensure that settling of the sample would be 
complete. Probe displacement was monitored as a function of time 
at ambient temperature to insure that the sample was well-packed 
into a pellet. A 10 g weight was then applied and the cell was 
purged with nitrogen at a rate of 300 mL/min to obtain an inert 
environment. The sample was heated at a rate of 10'C/min to a 
temperature just below the temperature of significant weight loss 
as indicated by the TG curves. 

RESULTS 

Elemental Analvsis. The 0-alkylated coals were analyzed for 
carbon, hydrogen, and nitrogen. The hydrogen/carbon ratios for the 
various coals were consistent with the addition of approximately 
6 alkyl groups per 100 carbons for the Illinois #6 coal. For the 
Wyodak coal, elemental analysis indicated addition of approximately 
8 methyl groups per 100 carbon. FT-IR analysis of the 0-alkylated 
coals indicated reaction had occurred as evidenced by the increased 
C-H absorption at 2900 cm-', reduction of the 0-H absorption at 
3300-3600 cm-', and the appearance of an absorption at 1700 cm" 
which is attributable to the C=O of esters formed from carboxylic 
acids. 

DSC Results. A typical DSC thermogram obtained using the dry, 
whole Illinois #6 coal is presented in Figure 1. Note that there 
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is an increasing negative heat flow into the sample relative to the 
aluminum oxide reference. The glass transition is identified by 
the slope shift that occurs near 300'C. Its onset temperature of 
295.c was reported as T. These results are consistent with those 
of peppas & &. for a %oal of similar rank ( 8 ) .  

The results for both coals and their alkylated derivatives are 
summarized in Table I. For the Illinois #6 coals, all reported 
values are the average of at least five measurements, except for 
the THF blank (no alkylating agent), which is the average of only 
two measurements. For the Wyodak coals, only three measurements 
were made. The effect of 0-methylation is to decrease T by 1OO'C 
for the Illinois 66 coal and 75'C for the Wyodak coal. $he effect 
of the alkyl chain length is not significant for the Illinois #6 
coal, although there is clear tread of decreasing T with 
increasing chain length. Exposure of the Illinois #6 coal'to THF 
solvent results in a lower T, by 50'C. 

TG Results. The percent weight loss versus temperature curves for 
the Illinois #6  coals are presented in Figure 2. Weight loss for 
the dry, whole coal and the THF blank (no alkylating agent) is not 
significant until nearly 400'C, which is significantly above the 
reported T I s  for these coals. This result indicates that no major 
thermal debradation of the coal occurred before T,, consistent with 
the results of Peppas & ( 8 ) .  

Initial weight loss for the 0-alkylated coals occurs at much lower 
temperatures than the whole coal. Approximately 5-10% of the 
weight loss occurs in the range of 200-35O'C for these coals. An 
additional 15-25% weight loss occurs in the region of 350-550'12. 
These coals are clearly much more volatile than the whole coal, 
which is consistent with other studies ( 3 ) .  It appears that these 
Coals are in a rubbery state, however, before any significant 
weight loss occurs, since their Tg8s are all near 200'C as measured 
by DSC. 

TMA Results. The whole and 0-methylated coals were analyzed by TMA 
in order to assess their softening characteristics. The DSC 
results indicated that the 0-methylated coal should soften at a 
much lower temperature than the whole coal. This expectation was 
confirmed. The results on the Illinois #6 coals are shown in 
Figure 3, where the probe displacement (dimensional change) is 
plotted against temperature. Note that the 0-methylated coal 
softens at a much lower temperature than the whole coal. Similar 
results were obtained on the corresponding Wyodak coals. 

DISCUSSION 

The lowering of T by 0-methylation of the coal is most probably 
attributed to the 'disruption of the hydrogen bond network known to 
exist in these coals. The hydrogen bonds serve as crosslinks 
between macromolecular chains and represent an important attractive 
force that should restrict chain mobility. That their disruption 
by 0-alkylation lowers T of the coal is therefore not surprising. 
The effect of THF solvatfon on T is also substantial, although not 
as large as 0-alkylation. Tgis effect might attributed to a 
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partial disruption of the hydrogen bond network by THF, which is a 
known hydrogen bond acceptor. THF is also expected to swell the 
coal substantially. When the THF is removed, not all of the 
disrupted hydrogen bonds are expected to reform. 

The length of the added alkyl group appears to have only a Small 
effect on T ,  contrary to our expectations. We believed that the 
addition 0% longer alkyl groups might disrupt noncovalent 
interactions other than hydrogen bonding that might exist between 
the macromolecular chains, thereby lowering T, even more. Either 
these interactions are not important or 0-alkylation fails to 
disrupt them. In the future, we plan to examine the effects of C- 
alkylation (5) on the glass transition temperatures of coals to 
explore this aspect more fully. 
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TABLE I 

Glass Transition Temperatures of 
Modified Coals 

T ,  'C 
' Coal I1 1 inois' # 6 Wvodak 

Whole 300+5 276 

THF Blank 247 

0-Methylated 198+13 203 

--- 

0-Butylated 185+7 --- 
0-Octylated 178f14 --- 



2 THF Blank 
3 0-Methylated 
4 0-Butylated 
5 0-Octylated 

200 400 

Temperature, OC 

Figure 2. TGA Curves of Illinois //6 Coals. 
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Figure 3. TMA Curves of Illinois #6 Coals 
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INTRODUCTION 

The removal of organic sulfur from coal presents the most serious challenge 
in coal desulfurization. Before efficient chemical processes can be developed for 
the removal of organic sulfur, information on the nature and distribution of 
sulfur-containing organic compounds in coal is needed. 

The general nature of the organosulfur constituents known to exist in coal 
and coal-derived products have been briefly reviewed (1-4). Most of the 
literature about organosulfur compounds in coal is qualitative in nature. It is 
generally accepted that the predominant organic sulfur species present in coal are 
aromatic groups containing thiophenic sulfur. However, the percentages of 
thiophenic sulfur in various types of coals are not known. The presence of sulfur 
containing functional groups such as thiols and sulfides invarious coals is also 
accepted by most coal scientists. However, the percentages of these groups in the 
various types or ranks of coal are not known. The presence of disulfide groups 
(R-S-S-R') in some coals is not generally accepted by coal scientists, although 
there is evidence that such groups may be present in coals (5). The quantitative 
determination of the various organic sulfur groups present in different types of 
coal is an area of coal research that has not received the attention it deserves. 

Most of the work on characterizing the organic sulfur compounds in coal has 
been concentrated on studies of the thiophenic compounds, which are the ..most 
stable of the organic species present in coal. The thiophenic sulfur compounds 
are also the most difficult organosulfur compounds to remove from coal. Evidence 
in the literature and from our own work indicates that as much as 45% of the 
organosulfur compounds in mid-rank coals is aliphatic in nature, and contains 
various sulfidic and thiolic groups (5-10). Attar and coworkers used 
thermokinetic analysis to determine the proportions of thiolic, thiophenolic, 
aliphatic sulfidic, aryl sulfidic, and thiophenic sulfur in five coals ( 2 , 3 , 6 ) .  
These investigators estimated that 15-30% of the organic sulfur in coal is 
sulfidic, while 30-55% of the organic sulfur in lignite and 40-60% in bituminous 
coals is thiophenic. The remaining organic sulfur is assumed to be thiolic in 
nature. Yurovski used a classical approach to determine the types of organosulfur 
compounds in alcoholic solutions of phenol extracts of coal (5). In a study with 
a Russian coal Yurovski determined that about 48% of the organosulfur compounds 
in the coal were thiophenic in nature, while the remaining organosulfur compounds 
consisted of a mixture of thiols, sulfides, and maybe disulfides. George and 
Gorbaty used x-ray absorption near-edge structure (XANES) spectroscopy to study 
the distribution of sulfur groups in a Rasa lignite and an Illinois No. 6 
bituminous coal ( 8 - 9 ) .  They concluded the lignite contained 30 ? 10% sulfidic and 
70 f 10% thiophenic sulfur ( E ) ,  whereas the Illinois No. 6 coal contained 60 f 10% 
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sulfidic and 40 f 10% thiophenic sulfur (9). Huffman and coworkers used x-ray 
absorption fine structure (XAFS) spectroscopy to examine the structures of sulfur 
groups in several bituminous coals (10). They concluded that the organic sulfur 
compounds in bituminous coals were predominantly thiophenic in nature. The 
results for bituminous coals reported by Gorbaty and Huffman differ significantly. 

Many of the difficulties encountered in the investigations of solid coals 
are reduced in the analysis of extracts and reaction products of the coals. 
Tetrahydrofuran, pyridine, and dimethylformamide are quite useful solvents for the 
extraction of coals. Buchanan reported the sequential extraction of pristine 
Illinois No. 6 coal, APCSP-3, with toluene, tetrahydrofuran, dimethylformamide, 
and pyridine provided an extract that contained 28% (by weight) of the coal and 
29% of the organic sulfur (11). Calkins and coworkers used other solvents for 
selective sulfur extraction. He found that tetrahydrofuran was superior to 
acetonitrile, ethylenediamine, and pyridine for the extraction of organic sulfur 
compounds from a Pittsburgh No. 8 bituminous coal (12-13). Buchanan and coworkers 
reported that hot perchloroethylene extracts elemental sulfur, formed in the 
oxidation of pyrite, from bituminous coals (14). They also reported that no 
appreciable amount of organic sulfur was extracted by perchloroethylene. 

There is a considerable amount of information in the literature to indicate 
that organic sulfur compounds can be preferentially extracted from bituminous 
coals. In this paper we are reporting the differences between the organic sulfur 
content in 25 bitminous coals and residues of these coals after extraction with 
tetrahydrofuran and dimethylformamide. 

EXPERIWENTAL 

Most of the coals used in the study are from the western Kentucky (Illinois 
Basin) coal field. A list of the seams and ranks of the 25 coals are given in 
Table 1. Coal 82071 is from the eastern Kentucky (Appalachian region) coal field 
and coal 82074 is from the Indiana Lower Block seam, which is also part of the 
Illinois Basin. The coals were collected for a USDOE-sponsored project conducted 
at Western Kentucky University and stored under nitrogen after preparation (15). 
Most of the coals are clean products collected at preparation plants with coals 
82071. 82073, and 82074 being run-of-mine samples. 

The coals were subjected to standard analysis by ASTM methods (16), or 
methods with equivalent or better precision, as follows: proximate analysis using 
the LEG0 MAC-400 moisture, volatile matter, and ash analyzer (ASTM D 5142); 
ultimate analysis using the LEG0 CHN-600 carbon, hydrogen, and nitrogen analyzer 
and the LEG0 SC-132 sulfur analyzer (ASTM D 4239). Analytical data for the raw 
coals are given in Table 1 and data for extracted coals are given in Tables 2 and 
3. Organic sulfur was determined by the direct determination method developed in 
this laboratory (17). 

Solvent extractions of the coals were carried out using standard Soxhlet 
extraction assemblies at the atmospheric reflux temperatures of the two solvents 
employed, N.N-dimethylformamide (DMF) and tetrahydrofuran (THF). Prior to 
extraction, -60 mesh (250 pm) samples of each coal were vacuum dried at 60'C for 
six hours. Ten gram samples of dried coal in cellulose Soxhlet thimbles were then 
extracted for periods of 20-24 hours. The extracted coals were then rinsed with 
refluxing methanol in the Soxhlet apparatus for 5-6 hours and vacuum dried at 
150°C until the samples reached a constant weight (6-10 hours). The extracted 
samples used in this study weredprepared by Lloyd and coworkers (15). The 
averages of the percent coal extracted in triplicate runs on the 25 coals by the 
two solvents are given in Table 4. 
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RESULTS AND DISCUSSION 

As shown i n  Table 1, the coals  used i n  the  s tudy a r e  predominantly high 
v o l a t i l e  bituminous C (hvCb) coals .  All except coals  82071and 82074 a r e  from the 
western Kentucky coa l  f i e l d s  ( I l l i n o i s  Basin) and a l l  except coals  82071, 82073, 
and 82074 a r e  washed coals .  The t o t a l  s u l f u r  i n  the  raw coals  ranged from 1.35% 
t o  3.65%, as reported on a dry bas is .  

Extract ion of coa ls  with organic solvents  such as DMF and THF remove organic 
matter with subsequent increases  i n  the percent mineral matter i n  the  coal 
residues. The da ta  i n  Tables 2 and 3 show increases  i n  the ash contents  of the 
coal res idues which a r e  i n  proportion t o  the coal extracted by the solvents .  The 
general decreases i n  carbon, hydrogen, and v o l a t i l e  matter percentages is  
consis tent  with t h i s  t rend.  A comparison of the dry oxygen values i n  Table 1 with 
those for  the  ex t rac ted  coa ls  i n  Tables 2 and 3 show general increases  i n  oxygen 
upon ex t rac t ion  w i t h  the organic solvents .  This is l i k e l y  due t o  the enrichment 
of oxygen-containing mineral matter i n  the extracted coals .  

The t o t a l  s u l f u r  values  f o r  the extracted coals  increase from the enrichment 
of mineral mat ter  ( p y r i t i c  and s u l f a t i c  s u l f u r  forms) i n  the residues,  a s  can be 
seen by comparing the t o t a l  s u l f u r  values  f o r  the raw coals  i n  Table 1 with those 
f o r  the residues i n  Tables 2 and 3. The increases  i n  t o t a l  su l fur  a r e  grea te r  for  
the DMF-extracted c o a l s  than those f o r  the THF-extracted coals .  This i s  t o  be 
expected s ince  the t o t a l  mater ia l  ex t rac ted  by DMF (mean percent extracted - 
24.8%) is  grea te r  than  t h a t  extracted by THF (mean percent extracted - 14.0%).  
When the organic s u l f u r  values for  the r a w  coals  a r e  compared t o  the organic 
sulfur  values €or t h e  DMF- and THF-extracted coa ls ,  one can see t h a t  there  Ls a 
reduction of the organic  su l fur  i n  the  extracted coa ls .  The l a s t  two columns i n  
Table 4 i l l u s t r a t e  the magnitude of the  reduction i n  the  organic s u l f u r  values f o r  
the DMF- and THF-extracted coa ls ,  respect ively.  The mean difference between the 
organic s u l f u r  i n  t h e  raw coal  and t h a t  i n  the  DMF-extracted coa ls  is 0 .19% 
(absolute) .  This mean difference f o r  the THF-extracted coals  is 0.16%. 

Using the mean organic su l fur  values i n  the  raw c o a l s ,  the mean organic 
sulfur  values  i n  the DMF- and THF-extracted coa ls ,  and the ex t rac t ion  percentages, 
a mean value f o r  the organic su l fur  i n  the coal  e x t r a c t s  can be ca lcu la ted .  The 
meanvalue for  the  organic  s u l f u r  (daf bas i s )  i n  the 25 coals  i s  1.63%. The mean 
value f o r  t h e  organic  s u l f u r  (daf bas i s )  i n  the DMF-extracted coals  is 1.45% and 
f o r  the THF-extracted coals  i s  1.47%. With a mean ex t rac t ion  percentage of  24.8% 
f o r  DMF t h i s  means t h e  ca lcu la ted  mean organic s u l f u r  value i n  the  DMF ex t rac ts  
of the 25 coals  i s  2.18%. Likewise, the mean ex t rac t ion  percentage of 14.0 f o r  
THF can be used to  c a l c u l a t e  a mean organic s u l f u r  value of  2.61% i n  the THF 
ex t rac ts  of the 25 c o a l s .  The calculated organic s u l f u r  values i n  the  ex t rac ts  
of the 25 coals  represent  a 33.7% enrichment of organic s u l f u r  i n  the DMF ex t rac ts  
and a 60.1% enrichment of organic su l fur  i n  the THF e x t r a c t s .  

The lower percentage enrichment of organic s u l f u r  i n  the DMF ext rac ts  
compared t o  tha t  f o r  t h e  THF ext rac ts  i s  cons is ten t  with the observations of  other  
researchers. DMF e x t r a c t s  a grea te r  percentage of the coa ls  (24.8%) than THF 
(14.0%). The f i r s t  mater ia l  extracted from coal  is r icher  i n  s u l f u r ,  and possibly 
oxygen and ni t rogen,  than the  mater ia l  removed as the  ex t rac t ion  proceeds (18). 

The da ta  i n  Tables 1-4 were p lo t ted  i n  var ious ways i n  attempts t o  ident i fy  
any trends i n  the rate of extract ion of organic s u l f u r  from the 25 coa ls .  The 
only apparent re la t ionships  found were weak cor re la t ions  between the organic 
sulfur  extracted by the  solvents  and some of the  other  s u l f u r  values  for the  
coals .  Figure 1 does ind ica te  t h a t  the  r a t e  of ex t rac t ion  of organic s u l f u r  from 
the coals using THF as the solvent  may be dependent on the daf organic s u l f u r  i n  
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the raw coals. The correlation coefficient for this line is a moderate 0.56. 
However, as shown in Figure 2, the regression line between the daf organic sulfur 
in raw coals and the amount of organic sulfur extracted from the coals by DMF does 
not indicate a similar trend and gives a very low correlation coefficient. Also, 
as indicated by the other regression line in Figure 2, there does not seem to be 
any relationship between the percent of coal extracted and the amount of organic 
sulfur extracted from the coals. The data for the extractions with THF also 
indicated no such relationship. 

The data i n  Table 4 strongly indicates that organic sulfur is removed from 
the 25 coals by the two solvents and enriched in the extracts. The organosulfur 
compounds that are the most likely to be extracted by the solvents are aliphatic 
in nature. Attempts to show a correlation between the amount of organic sulfur 
removed and changes in carbon and hydrogen values that would be consistent with 
the extraction of aliphatic compounds were unsuccessful. Work with the extracts 
themselves is necessary to establish any such relationship. Future experiments 
to study extracts of the coals are planned. 

CONCLUSIONS 

In conclusion, it can be stated that the data presented here indicate that 
organic sulfur is often enriched in the DMF and THF extracts of bituminous coals. 
The amount of organic sulfur preferentially extracted by the two solvents is 
weakly related to the sulfur contents of the coals. The average enrichment of 
organic sulfur in the THF extracts of the coals was calculated to be about 6 0 % ,  
whereas that for the DMF extracts was about 34%. The average percent of coal 
extracted by the solvents was 14% for THF and about 25% for DMF. It is likely 
that the organosulfur consrituents extracted by the two solvents are aliphatic in 
nature, but no such conclusions can be drawn from the data presented in this 
paper. 
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Coal 
No. 

82074 
82049 

82048 
82050 

82077 
82060 

82056 
82080 

82071 

82066 

82051 
82067 
82076 

82063 

82061 

82064 

82073 

82062 

82057 

82069 

82058 

82052 

82059 

82047 

82054 

Vol. 
Matt. 

33 .O 
33.5 

34.1 
37.6 

33.7 
33 .o 
34.9 

34.9 
30.8 

32.9 
35.7 
32.2 
33.7 

32.6 

33.3 

32 .O 
31.6 

33.2 

30.1 

31.3 

31 .O 
40.3 

33.4 

34.2 

35.9 

Table 2 

Analytical Values' for DMF-Extracted Coals 

Ash 

10.28 

6.90 

11.92 

7.74 
10.17 

10.67 

10.34 

7.99 
9.41 

11.55 

7.86 
12.50 
10.69 

10.39 

13.82 

9.74 
12.36 

11.09 

26.64 

12.33 

23.46 

9.28 

11.96 

13.64 

10.39 

c 
72.44 

74.50 

67.26 
72.22 

71.40 

71.18 

70.60 

71.10 

74.64 

67.14 

69.04 
69.08 
68.91 

68.46 

65.50 

69.74 

70.90 

70.33 

56.12 

71.18 

56.53 

70.47 

69.01 

67.54 

69.40 

H 

4.62 

4.76 

4.52 
4.75 

4.52 

4.42 

4.80 

4.71 
4.64 

4.64 

4.89 
4.74 
4.64 

4.21 

4.47 

4.27 
4.49 

4.54 

3.87 

4.55 

4.16 

5.22 
4.39 

4.39 

4.73 

1.72 

7.70 

1.83 
2.14 

1.64 

2.00 

2.41 

1.55 
2.12 

2.02 

2.06 
1.54 
1.75 

1.72 

1.95 

2.30 

1.37 

1.60 

1.65 

1.53 

1.61 

2.14 

1.98 

1.69 
1.83 

Total 
Sulfur 

1.74 

2.14 

3.68 
3.54 

3.57 

3.12 

3.13 

3.31 

1.52 

3.21 

2.94 
3.26 
3.60 

3.40 

3.68 

3.13 

4.24 

3.23 

3.56 

3.07 

3.55 

3.42 

3.91 

3.96 

3.55 

0 (bf dLfE.1 

9.19 

4.00 

10.80 

9.61 
8.69 

8.60 

8.72 

11.33 

7.68 

11.44 

13.21 
8.88 

10.41 

11.82 

10.59 

10.83 

6.83 

9.21 

8.16 

7.35 

10.70 

9.46 

8.75 

8.79 

l0,.09 

I 



Table 3 

Analytical Values* for THF-Extracted Coals 

Coal Vol. Total 
N Sulfur 0 (Iv dif€.Z -- & M a t t . &  A 

82074 

82049 

82048 

82050 

82077 

82060 

82056 

82080 

82071 

82066 
82052 
82067 
82076 

82063 

82061 

82064 

82073 
82062 

82057 

82069 

82058 

82052 

82059 

82047 

82054 

28.4 

36.0 

36.6 
39.4 

34.5 

33.2 
35.2 

35.7 

32.4 
33.9 

39.7 
32.4 
34.5 

33.2 

33.7 

32.3 

32.7 

33.7 
31.2 

32.3 

33.1 

39.2 

30.6 

36.5 

36.0 

7.95 

5.94 
10.47 

6.78 

8.89 

9.11 

9.56 

7.18 

7.70 

10.80 
7.14 

10.18 
9.84 

9.37 

12.25 

8.95 
9.85 

9.96 

23.53 

9.73 

19.59 

8.40 

9.68 

11.99 

9.50 

72.09 4.79 

73.45 5.46 
68.62 5.07 

72.55 5.43 

71.94 4.71 
78.138 4.03 

70.27 5.17 

73.37 5.03 

77.11 5.20 
70.19 4.80 

71.66 5.52 
73.44 4.92 

71.23 5.00 

71.17 4.69 

69.93 4.68 
70.66 4.41 

73.86 4.91 

72.18 4.71 

60.67 4.16 

74.29 4.96 

60.76 4.45 

71.69 5.43 

66.89 3.13 

66.83 4.85 
70.27 5.18 

1.39 1.42 12.36 

1.89 2,05 11.21 

1.51 3.41 10.92 

1.58 3.28 10.38 

1.33 3.60 9.53 

1.74 2.99 3.25 

2.10 3.22 9.68 

1.54 3.48 9.40 
1.90 1.47 6.62 

1.70 3.27 9.24 

1.78 3.13 10.77 
1.46 3.10 6.90 
1.66 3.82 8.45 

1.63 3.45 9.69 

1.72 3.69 7.73 

1.96 3.29 10.73 
1.47 3.89 6.02 

1.91 3.28 7.96 
1.44 3.48 6.72 
1.59 2.77 6.66 

5.78 3.34 6.08 

1.38 3.29 9.81 

1.71 3.37 15.25 

1.49 3.62 11.22 

1.95 3.56 9.54 
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Figure 1. Organic Sulfur in Raw Coal 
vs. Organic Sulfur Extracted by THF 
% daf Org. Sulf. in Coal 
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Figure 2. Organic Sulfur in Raw Coal 
vs. Organic Sulfur Extracted by DMF 
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ABSTRACT 

The object ive of t h i s  study i s  t o  f ind  su i tab le  combinations of  coa l  f i n e s ,  
municipal so l id  waste (MSW), and limestone t o  produce f u e l  p e l l e t s  for  f lu id ized  
bed combustion systems. The coal  f i n e s ,  MSW (paper) ,  and sorbent limestone were 
mixed i n  d i f f e r e n t  combinations and the  v o l a t i l e  matter and char contents  of a l l  
mixtures, as well a s  the  or ig ina l  mater ia l s ,  were evaluated by thermogravimetric 
analysis  (TGA). Using d i f f e r e n t  r a t e s  of heat ing and var iable  atmospheres, 
information was obtained t h a t  can be useful  i n  predict ing the  combustion behavior 
and ef f ic iency  of the combination fue ls .  Optimum limestone content can be 
determined by s e l e c t i v e l y  introducing CO, during the f i n a l  s tages  of the 
combustion process t o  check for  excess CaO. The use of combined techniques such 
as TGA, d i f f e r e n t i a l  thermal analysis  (DTA), and TGA-FTIR can be u t i l i z e d  to 
determine de ta i led  information on the combustion and thermal proper t ies  of the 
combination f u e l s .  

INTRODUCTION 

More than 150 mi l l ion  tons of municipal s o l i d  waste (MSU), a r e  generated i n  
the United S t a t e s  each year .  This excessive amount of generated waste, combined 
with decreases i n  l a n d f i l l  s i t e s ,  causes ser ious environmental problems and forces  
the establishment of  programs f o r  reducing the volume of waste deposited i n  
l a n d f i l l s .  

Mass burning of  unprocessed MSU and preparat ion/f i r ing of refuse-der ived 
fuel  (RDF), a r e  the  two mainmethods cur ren t lybe ing  evaluated for waste-to-energy 
technologies ( 1 , 2 ) .  There a re  several  methods used f o r  t h e  f i r i n g  of RDF. The 
chief method employed i n  t h i s  study is  f lu id ized  bed combustion. Fluidized bed 
combustionsystems a r e  p a r t i c u l a r l y  s u i t e d t o w a s t e  fue ls  because of t h e i r  a b i l i t y  
t o  burn low grade and var iab le  fue ls  as  wel l  as  absorb s u l f u r  oxides through the 
use of sorbents .  

Fluidized bed combustion systems have been constructed i n  the U . S . ,  Europe, 
and Japan, f o r  the  burning of RDF alone o r  combinations of RDF and wood waste ( 3 ) .  
However. there  is l i t t l e  o r  no information ava i lab le  regarding RDF f i r i n g  i n  the 
presence of coal  i n  f lu id ized  bed combustion systems, or  c o - f i r i n g  of  wood wastes 
with coa l .  There have been several  s tud ies  conducted on t h e  preparation of fuel  
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pellets using coal fines and limestone, which serves as a sorbent for sulfur 
oxides (4-6). This information was valuable in the evaluation of the combustion 
performance of fuel pellets prepared from coal fines, MSW or wood waste, and 
limestone sorbent. 

The burning profiles of coal and RDF are quite different, but there is a 
high probability that blends of these two fuels, when co-fired under the right 
conditions, perform suitably as a boiler fuel. This conjecture forms the basis 
of the study reported in this paper. 

In general, normal production of coal yields millions of tons of coal fines 
each year (about 20% of total yield). These fines, however, can not be sold 
because of handling problems. The cost of recovery of these fines is small 
compared to the mining of coal. Coal fines are an excellent source of an energy- 
rich fuel that can be blended with RDF to produce pellets suitable for use in 
fluidized bed combustion systems. 

When coal contains high amounts of organic sulfur it is impossible to remove 
the sulfur using conventional physical cleaning methods. Fluidizedbed combustion 
systems utilizing coal-limestone-fuel mixtures have the potential for resolving 
this limitation since limestone, which is abundant in nature, can be used as a 
sorbent for emitted SO,. 

SAMPLE PREPARATION AND RESULTS 

T h l  

The materials used for this study are coal fines (Illinois #6), Kentucky 
agricultural limestone, and newspaper. All samples were prepared and analyzed in 
Western Kentucky University's Coal and Fuel Characterization Lab. The three 
materials were studied by thermogravimetric analysis (TGA) to assess their thermal 
behavior. The TGA experimental conditions used were 10 mg sample size, air 
atmosphere with a flow of 50 mL/min, and a heating rate of 2O'C/min. The 
instrument used was a Shimadzu HT 1500 TGA Thermogravimetric Analysis System. 

Test results for the three materials are shown in Figure 1. The TG curve 
for coal depicts two weight loss stages, the first consisting of a 3.09% moisture 
loss followed by a second weight loss of 85.25% containing two overlapping DTG 
peaks. The first DTG peak is a result of the combustion of aliphatic materials 
in coal and the second is due to the combustion of the aromatic materials of coal. 
Thl and TMmz occur at 417'C and 440'C. respectively. 

Figure 1 also shows two decomposition stages for limestone. There is an 
initial moisture loss of 1.73% beginning at 397'C and a second weight loss of 
40.95% beginning at 563°C. This is due to limestone being converted to CaO and 
CO, gas. Experimental conditions were identical 
to that used for coal. 

& (mg/min), was 0.76 at 817°C. 

Finally, Figure 1 represents three major weight loss stages for newspaper 
with the first being a moisture loss of 4.35%. The second weight loss of 88.57% 
represents the major decomposition of materials in newspaper and has an of 
5.34 at 353'C. The overlapping peak is shown on the DTG curve and represents the 
decomposition of impure cellulosic materials with higher lignin content in the 
newspaper. The third and last weight loss phase of 5.91% is due to char 
gasification and has a small peak at 475°C. Experimental parameters were again 
identical to those used in the TG analysis of coal. It is evident from the TG 
curve that newspaper decomposes 15O'C earlier than coal. Total weight losses of 
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coal ,  limestone, and newspaper (es tabl ished on a,moisture f r ee  b a s i s ) ,  were 88%, 
4 2 . 7 % ,  and 98.8%. respect ively.  5~ 

Thermal Analvsis of Coal-Limestone Mixtures 

In order t o  decide upon an optimum amount of limestone f o r  the combination 
fuels for  the f lu id i zed  bed combustor, mixtures of coal  and limestone were t e s t ed  
by TGA. Testing procedures preceding 800-85O'C were iden t i ca l  t o  those previously 
examined. However, a f t e r  800'C o r  850'C. temperatures were he ld  constant f o r  5 
minutes, the atmosphere was changed t o  CO, gas f o r  25  minutes, and a determination 
was then made as to  t h e  amount, i f  any, of weight gain tha t  occurred (See Figure 
2 ) .  I f  a weight gain d id  occur,  t h i s  indicated tha t  an  excess of CaO was i n  the 
residue and was converted back t o  CaCO, when the GO, w a s  added. I f  a weight gain 
did not occur,  t h i s  indicated tha t  a l l  of the CaO reacted with the SO, t o  produce 
CaSO,, leaving no excess CaO i n  the residue. This method was developed by R.F. 
Culmo and R. L. Fyans (7). 

Next the  optimum temperature a t  which the limestone completely decomposed 
neededto  be determined. A 5% limestone, 95% coal  mixture was used t o  obtain the 
sui table  temperature values.  The TG r e su l t s  show t h a t  there i s  no s ign i f i can t  
weight changes above 8OO'C. Therefore 800'C and 850'C were chosen for the 
isothermal temperature values fo r  t e s t  runs.  

Using the chosen optimum temperature values ,  the optimum limestone 
percentage needed t o  be determined. To accomplish t h i s  goal ,  d i f f e ren t  
percentages of limestone ( 0 , 1 , 2 , 3 , 4 , 5 ,  and l o % ) ,  were added t o  the coal .  The 
r e su l t s  of these t e s t s ,  as shown i n  Figure 3 ,  indicate  a s u i t a b l e  limestone 
percentage is between 1% and 3%. A plateau i n  the weight gain curve occurs 
between 1-3% and increases  s ign i f i can t ly  with increased amounts of limestone 
(excess CaO). Thus, 2% limestone was chosen f o r  the following study. It  should 
be recognized tha t  excess limestone w i l l  reduce the flame temperature i n  the 
fluidized bed combustion system and a l so  increase the operational costs.  

Considering t h a t  the heat ing r a t e  i s  higher i n  f luidized bed combustors than 
that  used i n  the experimental t e s t s  used thus f a r ,  higher heat ing r a t e s  for  tests 
were chosen t o  observe the e f f e c t  heating r a t e s  may have on the decomposition of 
the fue l  mixtures. Heating r a t e s  of ZO'C/min. 35'C/min, 40'C/min, and 5O'C/min 
were chosen f o r  add i t iona l  experiments. These heat ing r a t e s  were used with 2 % ,  
5%, and 10% limestone percentages.  The TG r e s u l t s  indicate  the weight gain,  due 
t o  absorbed SO,, a t  d i f f e r e n t  heat ing r a t e s  and limestone percentages was not 
s ign i f i can t ly  a f f ec t ed  under these spec i f i c  experimental conditions.  

A determination of the change i n  weight loss during combustion as  a function 
of varying coal-l imestone mixtures was made. I t  was determined t h a t  the 2% 
limestone d i d n o t  show any c a t a l y t i c  e f f e c t  on the f i r s t  thermodecompositionstage 
of coal.  Similar r e s u l t s  were obtained fo r  the second thermodecomposition s tage.  

Final ly ,  the e f f e c t  of limestone on the thermal behavior o f  the mixture with 
respect t o  changes i n  the parameters T,, and &, was determined. The TG r e su l t s  
indicate t h a t  a t  hea t ing  r a t e s  of 20'C/min and increased limestone content,  Tkl 
and TH-.z s h i f t  to  s l i g h t l y  higher temperatures. 
and hrn, s l i g h t l y  decrease with increased limestone percentage.  Both TG curves 
present the same r e s u l t s ;  higher limestone content may delay the decomposition and 
combustion s l i g h t l y  as T,, increases and R+,- decreases.  

Thermal Analvsis of Combination Fuels 

The TG curve a l s o  shows that  

The combination fuels  tes ted consis t  of coa l ,  l imestone, and newspaper 
(RDF), i n  varying percentages.  According t o  the r e s u l t s  of the preliminary 
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studies, it is believed that a 2% limestone content in the mixture is sufficient 
for absorbing the SO, emitted for the burning of the coal tested. The mixtures 
of coal, limestone, and newspaper are 90/2/8, 80/2/18. and 70/2/28. respectively. 

There 
were four thermodecomposition stages observed, excluding the moisture loss. The 
T- for each stage was 283. 384, 450, and 489'C. It is believed that the first 
and second stages are due to the decomposition of newspaper, with the first being 
mainly due to cellulosic materials and the second to lignin content. Previously. 
Figure 1 indicated that there was one overlapping DTG peak with Tk- 352'C. In 
the case of the combination fuel, however, the overlapping peak noted in Figure 
lbecame two separate peaks, and the first peak occurred 70'C earlier than noted 
for the newspaper alone. This may be due to reduced sample particle size that 
occurred during the grinding and preparation of the combination fuel. The third 
and fourth decomposition stages are due to the thermodecomposition of coal. 
However, the third stage was enhanced by two possible factors: (1) additional 
char gasification from the newspaper and/or ( 2 )  catalyzation of the char 
gasification by the limestone. The results for T-, R, versus newspaper content 
are shown in Table 1. 

The general TG curve of the combination fuel is shown in Figure 4. 

To better understand and further verify the proposedmechanisms involved in 
the TG curve analysis, 50% coal/50% newspaper, 50% newspaper/50% limestone, and 
50% coal/50% limestone test mixtures were also studied. 

The TG and DTG curves of the 50% limestone/50% newspaper indicate three 
thermodecomposition stages with the first two peaks being due to the 
thermodecomposition of newspaper. The third peak was due to the decomposition of 
limestone. T,, for peak one did not significantly change compared to that for 
100% newspaper. box, however, decreases by 20%. THax of peak two did not show 
any significant change. However the value of ha. was five times greater than 
100% newspaper. This might be due to the catalytic effect on char gasification. 
It is presently unknown why the third peak shifted 1O'C earlier than 100% 
limestone; however, &,ax values were similar. 

One may assume that the experimental values such as those listed in Table 
2 may be used to predict the effects of varying amounts of limestone by utilizing 
known decomposition values for pure limestone and pure newspaper. However, in 
this case, there were significant differences between calculated (predicted) 
values and those obtained through experimentation. The first peak was retarded 
by the calcium, yielding lower weight loss values, and the second peak is 
influenced by a catalytic effect from the calcium. The third weight loss phase, 
however, was not effected because it was only due to the decomposition of 
limestone. 

The TG results for 50% coal/50% limestone showed two thermodecomposition 
stages. The first peak, a combination of two overlapping peaks, shifted 2O'C 
higher than that for 100% coal. Again, the third peak, due to the 
thermodecomposition of limestone, occurred 20°C lower than that for 100% 
limestone. Likewise, I$.,, for peak one was reduced by 50% compared to that for 
100% coal. The TG results of 50% coal/50% newspaper showed three 
thermodecomposition stages with the first peakbeing due to newspaper, the second 
peak due to coal, and the third peak due to char gasification combined with less 
combustible materials from coal. 

From reactivity studies, it can be concluded at this point in the analysis 
that the addition of limestone retarded the decomposition of coal and newspaper 
in the early stages, and then promoted the char gasification in the later stages 
due to the catalytic effect of calcium. 
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Ongoing research with combinations of TGA-FTIR and DTA techniques will 
provide a better understanding of the overall decomposition and combustion 
processes for coal-RDF-limestone fuels. 
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Table 1 

T, and & vs. Newspaper Content 

8% Newsuaver 

283 

384 

450 

489 

1.66 

2.12 

1.29 

0.53 

18% NewsvaDer 

290 

385 

451 

490 

2.20 

2.08 

1.29 

0.49 

28% Newsuaver 

287 

384 

454 

492 

2.68 

1.92 

1.60 

0.49 

Table 2 

Calculated Values for Weight Loss of 50% Newspaper/SO% Limestone 

TemD.'C 

150-381 

381-539 

539-800 

Tested Calculated Values 
Values p ewsvauer Limestone Difference & 

37.05 42.12 0.015 -5.09 

13.16 3.10 0.825 9.24 

0.10 20.5m 

71.04 49.4 22.1 -0.46 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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ARENECHROMIUM COMPLEXES IN COAL 
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I n t  roducLiul  

When an a r e n e  i s  c o o r d i n a t e d  t o  Cr (C0)3 ,  profound changes i n  i t s  
r e a c t i v i t y  o c c u r 1 f 2 .  Ring and b e n z y l i c  hydrogen atoms e x h i b i t  
enhanced a c i d i t y ,  and t y p i c a l  a r ene  r e a c t i o n s  such a s  e l e c t r o p h i l i c  
aromatic  s u b s t i t u t i o n s  are quenched. I n  c o n t r a s t  t h e  r i n g  carbon 
atoms a r e  a c t i v a t e d  toward a t t a c k  by nuc leoph i l e s i .  These changes 
i n  r e a c t i v i t y  a re  m a n i f e s t a t i o n s  o f  t h e  f o r c e f u l  e l e c t r o n  
withdrawing n a t u r e  of t h e  Cr (C0)3  component, and o f  t h e  a b i l i t y  of 
t h i s  group t o  s t a b i l i z e  cha rged  i n t e r m e d i a t e s .  I n  a d d i t i o n ,  
arenechromium t r i c a r b o n y l  complexes have been proven t o  be good 
c a t a l y s t s  i n  t h e  hydrogena t ion  of d i e n e s 3 .  While most s imple 
complexes such a s  toluenechromium t r i c a r b o n y l  r e q u i r e  t h e  use of 
h i g h  t e m p e r a t u r e s  a n d  d i h y d r o g e n  p r e s s u r e s ,  arenechromium 
t r i c a r b o n y l  complexes wi th  napthalene,  an th racene ,  and phenanthrene 
show remarkable  a c t i v i t y  under ex t r eme ly  m i l d  c o n d i t i o n s .  Coal 
arenechromium t r i c a r b o n y l  complexes may prove t o  be good i n t e r n a l  
h y d r o g e n a t i o n  c a t a l y s t s  f o r  t h e  h y d r o g e n a t i o n  o f  s u r r o u n d i n g  
molecules.  

Results and Discus- 

Experiments were c a r r i e d  o u t  with a c o a l  l i q u i d  i n  t h i s  exp lo ra to ry  
i n v e s t i g a t i o n  t o  avoid s o l u b i l i t y  problems i n h e r e n t  i n  t h e  u s e  of 
s o l i d  c o a l s .  The c o a l  l i q u i d  used was d i s t i l l e d  a t  approximately 
850°C from run 250D a t  t h e  W i l s o n v i l l e  p i l o t  p l a n t  w i th  I l l i n o i s  
N O .  6 c o a l .  I n  c o n t r a s t  t o  s o l i d  c o a l s  and heavy d i s t i l l a t e s ,  t h i s  
ma te r i a l  i s  s o l u b l e  i n  a l l  common o rgan ic  s o l v e n t s .  

The f i r s t  s t a g e  of  r e s e a r c h  c e n t e r e d  on t h e  c o n v e r s i o n  of  t h e  
a r o m a t i c  hydroca rbons  i n  t h e  c o a l  l i q u i d  i n t o  arenechromium 
t r i c a r b o n y l  complexes.  React ions t o  form complexes wi th  t h e  c o a l  
l i q u i d  were c a r r i e d  ou t  by a procedure f o r  simple m o l e c u l e s  i n  which 
t h e  a r e n e  i s  r e f l u x e d  i n  d ioxane  wi th  chromium hexaca rbony l .  
However,this method r e q u i r e d  long r e a c t i o n  t i m e s  and l a r g e  excesses  
Of chromium h e x a c a r b o n y l  t o  a c h i e v e  a c c e p t a b l e  l e v e l s  of  
c o m p l e x a t i o n .  To a l l e v i a t e  t h e s e  p rob lems ,  t h e  u s e  of an 
a l t e r n a t i v e  r e a g e n t ,  triaminechromiumtricarbonyl, was i n v e s t i g a t e d .  
T h i s  r eagen t  i s  easy  t o  synthesize5,  equa t ion  1, and has  been used 

t o  o b t a i n  s e v e r a l  organochromium complexes6. Reac t ions  of t h e  coa l  
l i q u i d  w i t h  triaminechromiumtricarbonyl p r o v e d  t o  be  v e r y  
s u c c e s s f u l .  High y i e l d s  of complexation with t h e  c o a l  l i q u i d  arene 
molecules w e r e  o b t a i n e d .  Indeed, t h e  product  was orange co lo red  and 
C r y s t a l l i n e  i n  n a t u r e .  The 136 NMR spectrum of one such product i s  
shown i n  F igu re  1. , The carbonyl  resonance appea r s  a t  234 ppm and 
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t h e  aromatic  carbon resonances s h i f t  t o  80-100 ppm as  a n t i c i p a t e d .  

The second s t a g e  of t h e  i n v e s t i g a t i o n  c e n t e r s  o n  hydrogena t ion  
t r a n s f e r  chemis t ry  o f  t h e  c o a l  l i q u i d  arenechromium t r i c a r b o n y l  
complexes. S t u d i e s  have been c a r r i e d  ou t  w i th  s imple arenechromium 
t r i c a r b o n y l  complexes1# a s  c a t a l y s t s  i n  t h e  hydrogenat ion of  methyl 
2,4-hexadienoate i n  which t h e  s e v e r i t y  of  r e a c t i o n  c o n d i t i o n s  va r i ed  
from 150°C a t  7 0 0  p s i  dihydrogen p r e s s u r e  f o r  toluenechromium 
t r i c a r b o n y l  t o  27OC a t  5 7  p s i  d i h y d r o g e n  p r e s s u r e  f o r  
napthalenechromium t r i c a r b o n y l .  The d rama t i c  i n c r e a s e  i n  a c t i v i t y  
of t h e  p o l y c y c l i c  arenechromium t r i c a r b o n y l  complexes is  t h a t  t h e r e  
a r e  two long  C r - C  bonds with t h e  br idgehead 'carbon atoms t h a t  have 
bond o r d e r s  less t h a n  one8 .  Thus, t h e  l o n g e r  and w e a k e r  bonds 
should be more e a s i l y  d i s p l a c e d  by t h e  incoming d iene  l i g a n d  i n  t h e  
ra te  determining s t e p .  Th i s  advantage i s  no t  r e a l i z e d  i n  t h e  case  
of t h e  monocycl ic  arenechromium t r i c a r b o n y l  complexes such  a s  
benzenechromium t r i c a r b o n y l  where a l l  of t h e  Cr -C  bonds have equa l  
l e n g t h  with bond o r d e r s  c l o s e  t o  u n i t y .  The e f f e c t  o f  s o l v e n t  was 
a l s o  examined. Coord ina t ing  s o l v e n t s  such as t e t r a h y d o f u r a n  o r  
acetone inc reased  t h e  r a t e  of t h e  hydrogenat ion r e a c t i o n  presumably 
by f a c i l i t a t i n g  t h e  i n i t i a l  l i gand  s u b s t i t u t i o n  s t e p .  

Hydrogenation r e a c t i o n s  were c a r r i e d  out  under mild c o n d i t i o n s  i n  a 
g l a s s  microhydrogenation appa ra tus  a t  p r e s s u r e s  lower than 200 p s i  
and t empera tu res  less  than  5OoC u s i n g  d ideu te r ium g a s .  The use  of 
dideuter ium a l lows  t h e  r educ t ion  s t e p  t o  be  d e t e c t e d  by means of 
deu te r ium NMR. A hydrogena t ion  r e a c t i o n  was c a r r i e d  o u t  w i th  
napthalenechromium t r i c a r b o n ' y l  t o  c a t a l y z e  t h e  hydrogena t ion  of  
methyl 2 ,4-hexadienoate  i n  t h e  p re sence  of small amount of c o a l  
l i q u i d  t o  t e s t  whether or no t  t h e  c o a l  l i q u i d  would po i son  t h e  
c a t a l y s t .  This  r e a c t i o n ,  equat ion 2 ,  proved t o  be  s u c c e s s f u l  w i th  a 

15Opsi D2,Acetone 
CH3CHCHCHCHC02CH3 + C1OH8Cr (CO) 3 - CH3CHDCHCHDC02CH3 (2) 

1.23M 80.3 x lO-3M 450C,1.5hr 
25mg Coal Liq 

63% c o n v e r s i o n  o f  m e t h y l  2 , 4 - h e x a d i e n o a t e  t o  ' m e t h y l  
hex-3-enoate-2,5-&. It w a s  ev iden t  t h a t  t h e  presence of t h e  c o a l  
l i q u i d  does no th ing  s i g n i f i c a n t  t o  i n h i b i t  t h e  c a t a l y s t .  The n e x t  
se t  o f  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i t h  t h e  c o a l  l i q u i d  
arenechromium t r i c a r b o n y l  complexed mater ia l .  The c o a l  l i q u i d  
arenechromium t r i c a r b o n y l  complexed m a t e r i a l  p r o v e d  t o  b e  
u n s u c c e s s f u l  i n  c a t a l y z i n g  t h e  hydrogenat ion of t h e  su r round ing  
molecules . In p a r t ,  t h i s  could be due t o  t h e  f a c t  t h a t  a l l  of t h e  
p o s s i b l e  a c t i v e  s i t e s  for hydrogenat ion may of have been r ende red  
u n r e a c t i v e  by complexat ion wi th  C r ( C 0 ) 3 .  To t e s t  t h i s  l i n e  of 
r eason ing ,  experiments  were c a r r i e d  ou t  on a mixture  of  t h e  c o a l  
l i q u i d  arenechromium t r i c a r b o n y l  complex and un reac ted  c o a l  l i q u i d  
as  shown i n  equa t ion  3 .  Ana lys i s  of t h e  2 H  NMR spectrum of  t h e  
c o a l  l i q u i d  arenechromium t r i c a r b o n y l  r e a c t i o n  product  showed t h a t  
no s i g n i f i c a n t  d e u t e r a t i o n  had taken p l a c e .  

86psi D2, 5ml Acetone 
Coal Liquid + Coal Liquid-Arene-Cr(C0)3 e N . R .  ( 3 )  

0.59 c.5g 450C,16hrs 
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I n  o r d e r  t o  c l e a r l y  t es t  t h e  c a t a l y t i c  a c t i v i t y  o f  t h e  c o a l  l i q u i d  
arenechromium t r i c a r b o n y l  complex, experiments  were c a r r i e d  o u t  with 
methyl  2 , 4 - h e x a d i e n o a t e  as  t h e  s u b s t r a t e  and t h e  c o a l  l i q u i d  
arenechromium t r i c a r b o n y l  complex a s  t h e  c a t a l y s t  as  shown i n  
equa t ion  4 .  The 2 H  NMR of  t h e  r e a c t i o n  p roduc t  showed t h e  c o a l  
l i q u i d  and un reac ted  methyl 2,4-hexadienoate i n d i c a t i n g  no r e a c t i o n .  

l50psi D2,2.5ml Acetone 

CH3CHCHCHCHC02CH3 + Coal Liq-Arene-Cr(C0)3 *N.R .  (4) 
1.23M 0.5g 450C, 1.5hrs 

Although t h e  a c t i v i t y  o f  t h e  c o a l  l i q u i d  arenechromium t r i c a r b o n y l  
complex a s  a hydrogenat ion c a t a l y s t  appears  t o  be small f o r  methyl 
2 ,4-hexadienoate  as w e l l  as f o r  un reac ted  c o a l  l i q u i d s  under t h e  
m i l d  c o n d i t i o n s  employed, it may w e l l  prove t o  be v i a b l e  under 
moderately more s e v e r e  c o n d i t i o n s .  In  a d d i t i o n ,  t h e  n a t u r e  of  t h e  
a romat i c  r i n g s  i n  t h i s  p a r t i c u l a r  c o a l  l i q u i d  may a c t u a l l y  l e a d  t o  
ve ry  i n a c t i v e  c o a l  l i q u i d  arenechromium t r i c a r b o n y l  complexes.  A 
s l i g h t l y  h e a v i e r  d i s t i l l a t e  may c o n t a i n  more p o l y c y c l i c  a romat i c  
hydrocarbons and y i e l d  more a c t i v e  complexes while  s t i l l  a f f o r d i n g  
t h e  conveniences provided by t h e  use  of  a c o a l  l i q u i d .  

I n  order  t o  tes t  t h e  hypo thes i s  t h a t  hydrogenation s u b s t r a t e s  do not 
e x i s t  i n  t h e  c o a l  l i q u i d ,  a r e a c t i o n  was c a r r i e d  o u t  w i t h  
napthalenechromium t r i c a r b o n y l ,  an  a c t i v e  c a t a l y s t ,  and un reac ted  
c o a l  l i q u i d  a s  t h e  s u b s t r a t e ,  equa t ion  5 .  A comparison of t h e  2H 

2OOpsi Dz, Acetone 

Coal Liquid + C10~8-Cr (CO) 3 Coal Liquid-D ( 5 )  
0.5g 1.12 x 10-3M 7 5 W ,  25 hrs 

NMR s p e c t r a  of t h e  u n r e a c t e d  c o a l  l i q u i d  b e f o r e  and a f t e r  t h e  
r eac t ion ,  F i g u r e  2, shows t h a t  dideuter ium a d d i t i o n  has  taken p l a c e .  
F i r s t ,  t h e  relative a romat i c  deuterium con ten t  has  decreased and t h e  
a l i p h a t i c  deu te r ium c o n t e n t  has  i n c r e a s e d .  Second, t h e  two major 
resonances of t h e  un reac ted  c o a l  l i q u i d  a t  approximately 1.54 ppm 
and 1 . 1 6  ppm a r e  no longer  t h e  dominant resonances.  Rather,  t h e  new 
dominant resonances i n  t h e  r e a c t e d  c o a l  l i q u i d  are a t  approximately 
2.27 ppm and 1 .45  ppm. I n  a d d i t i o n ,  two o t h e r  new s i g n a l s  have 
appeared a t  3 .51  ppm and 2 . 7 1  ppm. Thus, it can be concluded t h a t  
hydrogenation of t h e  c o a l  l i q u i d  had occur red .  

Conclusions 

A s y n t h e t i c  method f o r  t h e  p r e p a r a t i o n  of c o a l  a r e n e  chromium 
t r i c a r b o n y l  complexes h a s  been e s t a b l i s h e d .  The se r ies  o f  
hydrogenat ion r e a c t i o n s  with c o a l  l i q u i d  a rene  chromium t r i c a r b o n y l  
complexes shows t h a t  t h e r e  i s  no th ing  i n h e r e n t  i n  c o a l  m a t e r i a l s  
t h a t  po i son  t h e  arenechromium t r i c a r b o n y l  c a t a l y s t  and t h a t  t h e r e  
a r e  a c t i v e  s i t e s  i n  t h e  c o a l  l i q u i d  f o r  hydrogenat ion.  However, t h e  
a c t u a l  arenechromium t r i c a r b o n y l  complexes formed i n  t h e  c o a l  li’quid 
are n o t  a c t i v e  enough f o r  e x t e n s i v e  hydrogenat ion under  t h e  mild 
e x p e r i m e n t a l  c o n d i t i o n s  t h a t  w e  u s e d .  A s  ment ioned b e f o r e ,  
monocyclic complexes r e q u i r e  h i g h e r  t empera tu res  and p r e s s u r e s  f o r  
hydrogenat ion t h a n  p o l y c y c l i c  complexes do.  Research i n  t h i s  a r e a  
i s  c o n t i n u i n g  t o  t e s t  t h e  c a p a c i t y  o f  c o a l  l i q u i d  arenechromium 
t r i c a r b o n y l  complexes t o  c a t a l y z e  dihydrogen a d d i t i o n .  
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The c o a l  l i q u i d  w a s  ob ta ined  through Amoco Research Cen te r  from t h e  
W i l s o n v i l l e  P i l o t  P l a n t ,  Run 250D. The I3C NhR s p e c t r a  w e r e  
recorded on a General E l e c t r i c  GN 300 o p e r a t i n g  a t  300MHz. The 2 H  
NMR s p e c t r a  were recorded on a Varian XL 1000 o p e r a t i n g  a t  400MHz. 
The I H  NMR s p e c t r a  were recorded on t h e  Un ive r s i ty  of Chicago 500MHz 
s p e c t r o m e t e r .  Te t r ahydro fu ran ,  d i b u t y l  e t h e r ,  and d ioxane  were 
f r e s h l y  d i s t i l l e d  from sodium benzophenone k e t y l  immediately b e f o r e  
u s e .  Hexane w a s  shaken w i t h  s u l f u r i c  a c i d  p r i o r  t o  u s e .  A l l  
s o l v e n t s  were deoxygenated by means of s t a n d a r d  freeze-pump-thaw 
methods. Potassium hydroxide,  ace tone ,  and chromium hexacarbonyl  
were used as r ece ived .  

Triaminechromium t r i c a r b o n y l  

Chromium hexacarbonyl (17.69,’ 0.08mol), potassium hydroxide ( 3 2 . 0 g ) ,  
e t h a n o l  (80ml), n-butanol  (80ml) and water  (251111) were p l a c e d  i n  a 
f lame d r i e d  t h r e e  neck f l a s k  f i t t e d  wi th  a s t i r re r  and a r e f l u x  
condenser .  The r e a c t i o n  f l a s k  was p l aced  i n  an o i l  b a t h  which was 
warmed g r a d u a l l y  t o  15OoC. Chromium hexacarbonyl ,  which subl imed 
i n i t i a l l y ,  was washed o u t  l a t e r  by t h e  s o l v e n t  and no more 
subl imat ion took p l a c e .  The r e a c t i o n  s o l u t i o n  g r a d u a l l y  t u r n e d  r e d .  
Af t e r  4h a t  r e f l u x ,  t h e  mixture  was c o l l e c t e d ,  150mL of concen t r a t ed  
aqueous ammonia s o l u t i o n  was added and t h e  m i x t u r e  w a s  s l o w l y  
s t i r r e d  f o r  two hours .  A yel low p r e c i p i t a t e  was c o l l e c t e d  on a a 
g l a s s  f i l t e r ,  washed with aqueous ammonia and e t h e r .  

Coal l i q u i d  arenechromium t r i c a r b o n y l  

Triaminechromium t r i c a r b o n y l  (4 .68g,  0.025mol),  c o a l  l i q u i d  ( 5 g ) ,  
and dioxane (25mLs) were loaded i n t o  a 100 mL f l a s k  provided wi th  a 
magnetic s t i r rer ,  and a r e f l u x  condenser .  The s o l u t i o n  was r e f l u x e d  
on an o i l  b a t h  f o r  48 h r s .  The r e a c t i o n  mix tu re  w a s  f i l t e r e d  
th rough  C e l i t e  i n  a g l a s s  f i l t e r  and t h e  f l a s k  and C e l i t e  were 
washed with e t h e r .  The product  was p u r i f i e d  ove r  a column of  s i l i c a  
g e l  with a 1 : 1 : 4  chloroform : dichloromethane : hexane. 

Napthalenechromium t r i c a r b o n y l  

Napthalenechromium t r i c a r b o n y l  w a s  p repa red  by a s l i g h t l y  modif ied 
p rocedure lo  t o  t h a t  desc r ibed  by Pauson4. A mixture  of nap tha lene  
(5.3g,  0.042mol) and chromium hexacarbonyl  (4 .4g ,  0.020mol) were 
r e f l u x e d  i n  d i b u t y l  e t h e r  (100 m L ) ,  hexane  (lOmL), and 
t e t r a h y d r o f u r a n  ( I m L )  f o r  70 h r s .  The h e a t i n g  b a t h  was maintained 
a t  16OoC f o r  15 h r s  and a t  145OC f o r  t h e  remaining t i m e .  So lven t  
and excess  nap tha lene  were removed under  vaccum and t h e  p roduc t  
p u r i f i e d  on a column of s i l i c a  g e l  w i t h  a 1 : 1 : 4  ch lo ro fo rm : 
dichloromethane : hexane. 

Hydrogenation r e a c t i o n s  

Hydrogena t ion  r e a c t i o n s  were c a r r i e d  o u t  on a lOmL m i c r o  
hydrogena t ion  a p p a r a t u s .  T y p i c a l l y ,  t h e  r e a c t a n t s  and d r i e d ,  
deoxygenated acetone were p l aced  i n  t h e  r e a c t o r  and it  was evacuated 
and f lu shed  with d i n i t r o g e n  t h r e e  t i m e s ,  d ideuter ium t h r e e  times and 
t h e n  brought  up t o  t h e  f i n a l  d ideu te r ium p r e s s u r e  a t  t h e  d e s i r e d  
t empera tu re .  A f t e r  t h e  r e a c t i o n  t ime,  t h e  mix tu re  was f i l t e r e d  
through C e l i t e  i n  a g l a s s  f i l t e r  and concen t r a t ed  under vaccum. 
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Figure 1. (a)13C NMR Spectrum Of Wilsonville Coal Liquids in CHC13. 
(b) 13C NMR Spectrum Of Coal Liquid Arene-Cr (CO) 3 in CHC13 
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Figure  2 .  ( a )  2H NMR Spectrum of Unreacted C o a l  L i q u i d  i n  CHZClZ 
( b ) 2 H  NMR Spectrum of Equat ion 6 Product  i n  CH2C12.  
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INTRODUCTION 
Three novel py r id ine  ethers have been synthesized f o r  extension 

o f  studies on coal  systems'. Past s tud ies have revealed t h a t  
hydrogen bonding act ivates a l ky l -a ry l  ethers toward cleavage by 
iodide ion  i n  py r id ine  invo lv ing hydrogen bonding t o  coal'. 
Pyr id ine ethers have been synthesized de nc?vo from 2,6-diphenyl- 
1,3,5-pentanetrione which had a lso been synthesized de ~ C L V O  from 
l-phenyl-1,3-butanedione a f t e r  format ion o f  i t s  mono-then di-anion 
and combination w i t h  methyl. benzoate37', These react ions seem t o  
provide good y ie lds  because o f  the d r i v i n g  force o f  the charged 
molecular species. Coal i s  now though t - to  be as elastomer i n  which 
strong i n t e r n a l  hydrogen bonding gives i t  h igh glass t r a n s i t i o n  
temperatures. The same ac id i c  hydrogen donors and basic hydrogen 
receptors t h a t  provide strong hydrogen bonds i n  the bulk s t ruc tu re  
populate the surface o f  coal  powders5. As i n  experiments using 
1,3-dimethylnapthalene and decalin'. so l va t i on  proper t ies o f  the 
pyr id ine ethers w i l l '  be tested on coal  f r a c t i o n s  i n  contemplated 
experiments. 

t 
RESULTS 

1,5-DiphenyI-1,3,5-pentane triane The enol a te carbani on o f  
l-phenyl-l,3-butanedione was obtained by proton ex t rac t i on  w i th  
sodium hydride i n  the ap ro t i c  solvent,  1,2-dimethoxy ethane 
(monoglyme). Condensation o f  t h i s  carbanion w i th  methyl benzoate 
y ie lded the t r iketone,  1,5-dipheny1-1,3,5-pentanetrione. This 
a roy la t i on  apparently involves the di-anion o f  the p-diketone which 
i s  formed i n  a step-wise ex t rac t i on  o f  i t s  ox-hydrogens. The 
terminal  a-hydrogen i s  no t  the f i r s t  ext racted from the 6-diketone, 
but i s  on ly  ext racted a f t e r  mono-anion formation and i n  the 
presence o f  methyl benzoate. The terminal  a-hydrogen i s ,  however, 
the s i t e  o f  react ion o f  the p-diketone w i t h  the carbonyl carbon o f  
the ester .  The methoxide group o f  the ester  neutra l ized by the Na+ 
counter ions, then leaves the condensation product. Exposure t o  
a i r  w i t h  i t s  i n c i p i e n t  moisture and n e u t r a l i z a t i o n  o f  the react ion 
mixture w i th  6N HC1 provide the protons f o r  n e u t r a l i z a t i o n  o f  the 
carbanions present and formation o f  the t r iketone.  

This react ion occurs w i t h  a high degree o f  e f f i c i e n c y  s ince 86.9% 
y ie lds  could be obtained (See Table 1). 

Apparently once formed, the di-anion i s  q u i t e  reac t i ve  and the 
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react ion i s  ev iden t l y  s p e c i f i c  f o r  the terminal  carbon o f  the 
dianion. As expected, the symmetric t r i ke tone  formed was soluble 
i n  d ie thy l  ether,  but  i t s  s o l u b i l i t y  var ied considerably depending 
on the pH of the reac t i on  mixture (Table 2 )  

These d i f ferences could be a r e f l e c t i o n  o f  minor changes i n  the 
s t ructure o f  the t r i ke tone .  Var ia t ion o f  the co lo r ,  c r y s t a l l i n e  
form and mel t ing po in ts  o f  t r i ke tone  which substant ia te s im i la r  
e a r l i e r  observations are a l so  suggestive o f  small va r ia t i ons  i n  the 
s t ructure o f  the t r i ke tone .  Because o f  the H-bonding, various 
keto-enol tautomeric forms can be envisioned and as pH changes 
occur i n  the so lvent  a l l  o f  these forms are undoubtedly present i n  
the so lut ion.  A t  low pH values the t r i k e t o n e  i s  probably found as 
a doubly H-bonded eno l i c  s t ruc tu re  (Formula 1 1 ,  a t  intermediate pH 
values as a mono-H-bonded s t ruc tu re  (Formula 2 )  and a t  h igh pH 
values as a keto form (Formula 3) w i t h  l i t t l e  H-bonding (Fig.  2 ) .  

?,6-Diphenyl-4(1H)-pyridinone This pyr id inone was produced by 
the c y c l i z a t i o n  o f  the 1,5-diphenyl-1,3,5-pentanetrione w i t h  l i q u i d  
ammonia. Because o f  the high pH o f  the react ion m i l i eu ,  which 
causes the eno l i za t i on  o f  the ketone groups, the add i t i on  product 
i s  the primary amine-enol o r  d ienol  intermediate. 

Cyc l izat ion by add i t i on  o f  the primary amine t o  the other 
terminal carbon o f  the pentanetrione chain then r e a d i l y  occurs. 
This d i -  o r  t r i e n o l i c  s t ruc tu re  i s  then dehydrated t o  form 
the h igh ly  conjugated diphenylpyr id ine d e r i v a t i v e  w i th  i t s  
qu ino id- l ike p y r i d i n e  r ing .  

The synthesized pyr id inone possessed the l i t e r a t u r e  values o f  the 
physical proper t ies.  I n  addi t ion,  the physical  proper t ies o f  the 
t r iketone and pyran were considerably d i f f e r e n t .  These resu l t s  
suggest because o f  t h e i r  interdependence t h a t  the s t ruc tu ra l  
parameters a t t r i b u t e d  t o  these i so la tes  are consistent and 
reputable. 

DISCUSSION 

As expected t h e  product, l,S-diphenyl-l,3,5-~entanetrione, i s  
formed w i t h  a h igh dpgree o f  e f f i c i e n c y  (86.9% y ie lds ) .  Although 
the symmetric t r i k e t o n e  was so lyb le i n  d i e t h y l  ether,  va r ia t i ons  o f  , 

the pH o f  the reac t i on  mixture produced s l i g h t  va r ia t i ons  i n  the ' 

s t ructure o f  the t r i k e t o n e  and therefore v a r i a t i o n  o f  the co lor ,  
c r y s t a l l i n e  form and mel t ing po in ts  o f  t r i ke tone  products. 
Because o f  the H-bondong, var ious keto-enol tautomeric forms can be 
envisioned'and as pH changes occur i n  the solvent a l l  o f  these 
forms are undoubtedly present i n  the react ion mileaux. 

The u l t r a s t r u c t u r e  o f  coals i s  suscept ib le t o  study using small 
molecular weight organic molecules which are not suscept ib le t o  
a l t e r a t i o n  by the i n t e r i o r  o f  the coal pores. We have chosen t o  use 
the commonly accepted organic molecules which are very res i s tan t  t o  
a l t e r a t i o n  insuch an organic mileaux- ethers. Theoret ica l ly  these 
molecules can be used as molecular sieves t o  approximate the sire 
of coal pores'. Unfortunately,  the ethers which we have used have 
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Proven t o  be unreasonable solvents s ince they react w i t h  the coal 
u l t ras t ruc tu re .  

Another problem i n  i n t e r p r e t a t i o n  occurs becasuse o f  the 
i n te rac t i on  o f  the py r id ine  ethers w i t h  the coal s t ruc tu re* .  For 
example, the r e s u l t s  o f  the study invo lv ing the use o f  
4-methylpyridine reported above. 

SUMMARY 

I 

1-Hydrogen bonding i s  a s i g n i f i c a n t  in ter ference i n  the synthesis 
o f  2,6-diphenyl-1,3,5-pentanetrione, ye t  y ie lds  o f  9O+X prove t h i s  
spec i f i c  synthesis e f fec t i ve .  

2-Because o f  the very prominant unsaturat ion o f  the products o f  
t h i s  synthesis-the product compounds are very c o l o r f u l .  

3-These ethers cannot be considered inne r t  and make 
in te rp re ta t i on  o f  these r e s u l t s  d i f f i c u l t .  

EXPERIMENTAL 

Melt ing po in ts  (uncorrected) were determined on a Thomas Hoover 
Cap i l l a ry  Mel t ing Point  Apparatus (Uni-melt) and observed a t  a r a t e  
o f  P"C/min. 1H-NMR Spectra were measured on a Varian T-60 Nuclear 
Magnetic Resonance Spectrometer using te t ramethy ls i lane (TMS) as an 
i n te rna l  standard. The solvents used were e i t h e r  chloroform-d o r  
acetone-d6. I n f r a r e d  spectra were recorded on a Perkin-Elmer 337 
grat ing Spectrophotometer w i t h  c a l i b r a t i o n  peaks a t  1601 and 907 
cm-' . Mass spect ra l  analysis was conducted on a Dupont 21-490 Mass 
Spectrometer. TLC was performed on precoated S i l i c a  Gel 60F-254 
p la tes  (Merck, Darmstatd. 0.25 mm thickness).HPLC analys is  was 
ca r r i ed  out on a Model 342 Gradient L iqu id  Chromatograph system, 
re ten t i on  times and area measurements were recorded by a Shimadzu 
Chromatopac C-RlB. The column used f o r  t he  HPLC was 4.6 mm x 25 cm 
CB reverse phase. Pre- in ject ion clean up o f  HPLC samples included 
cen t r i f uga t ion  i n  a Beckman Microfuge TM 11 a t  11,000 rpm. Organic 
s o l i d s  were d r ied  under vacuum f o r  a t  l e a s t  2 h over CaSOll before 
analysis.  

Preparation O f  1,5-diphenyl-1,3,5-pentanetri0ne~~' Sodium hydr ide 
(36.99 g/1.54 moles i n  a 60% mineral o i l  d ispersion) was added t o  
100 mls o f  d r i ed  1,2-dimethyoxyethane under a blanket o f  anhydrous 
ni t rogen. A f te r  s t i r r i n g  f o r  15 m a t  room temperature the glyme 
which contained mineral o i l  and suspended f i nes  was removed, 
discarded and replaced a t  l eas t  three times t o  insure removal o f  
the mineral o i l  a f t e r  add i t i on  o f  200-300 m l  o f  glyme. The s l u r r y  
was then heated t o  r e f l u x  and the 1-phenyl-1.3-butanedione (50.00 
g/O.31 moles) i n  150 mls o f  solvent was added dropwise (over 30-60 
m) from an add i t i on  funnel. A f te r  45 m from completion o f  the 
addi t ion,  a so lu t i on  o f  methyl benzoate (50.32 g/0.37 moles) i n  100 
m l  of glyme was added dropwise. The react ion mixture was then 
heated a t  r e f l u x  f o r  4-8 h. A f te r  e q u i l i b r a t i o n  w i t h  the 
atmosphere and cool ing,  the react ion mixture which was usual ly  



t h i c k  and crusty ,  was resuspended w i t h  add i t iona l  glyme, i f  
necessary, s t i r r e d  and adjusted t o  pH=6 w i t h  concentrated HC1. The 
glyme was then removed i n  a r o t a r y  evaporator. The t a r - l i k e  
residue was ex t rac ted  w i t h  d i e t h y l  ether, and the yellow-brown 
ethereal s o l u t i o n  was d r i e d  over anhydrous Na2SOa. A f t e r  removal 
of most o f  the e ther ,  the crude 1,5-diphenyl-i.3, 5-pentanetrione 
was r e c r y s t a l l i z e d  from the  residue w i t h  95% ethanol as yellow- 
brown c r y s t a l s  t o  g ive 47.33 g (57.7% Yd.):mp 107.0-109.0°C, 
( l i t . ,  106-109")1; NMR (CDCl,): 6 = 11.8-12.0 (d.11, 7.8-8.0 (m,6), 
7.4-7.6 (m.7), 6.0 ( s , l ) ;  IR ( K B r ) :  3450, 3150,2950, 2880, 1630, 
1590, 1500, 1400, 1300, 1290, 1170, 900, 780, 690 cm-": Mass 
Spectrum, m/e : 266, 105. 

Preparation of 2,6-diphenyl-4(1 H)-pyr idinone' 1 ,5-diphenyl- 
1.3.5-pentanetrione (43.95 g/0.17 moles) was dissolved i n  200 m l  o f  
anhydrous ethanol. . Commercial anhydrous l i q u i d  ammonia was then 
bubbled through the  mechanically s t i r r e d  s l u r r y  u n t i l  the so lu t ion  
became dark brown and the reac t ion  mixture cooled t o  room 
temperature.' The s o l u t i o n  was then taken t o  dryness by heating i n  
an open round bottom f l a s k  a t  90-100°C u n t i l  a brownish t a r  
remained. This procedure was then repeated and s l i g h t l y  modif ied 
by the add i t ion  o f  50 g o f  anhydrous Na,SOa before the f i n a l  
evaporation. R e c r y s t a l l i z a t i o n  i s  accomplished d i r e c t l y  from the 
residue w i th  benzene. A f t e r  d ry ing  27.'21 g (66.6% y i e l d )  o f  a 
white powder was i s o l a t e d  and i d e n t i f i e d  as 2,6-diphenyl-4(1H)- 
pyridinone: mp 178-179OC ( l i t . ,  176-179aC': NHR (CD3COCD3): d = 
8.0-8.3 (m, 7 ) ,  7.3-7.4 ( m ,  7), 7.2.(s, 1); IR (KBr): 3450, 3150, 
3080, 2950, 2825, 1640, 1600, 1550, 1260, 975, 950, 780. 705, 555; 
Mass Spectrum (m/e): 247, 247. 

Preparation o f  4-methoxypyridine7. To 10 m l  o f  d r i e d  methanol 
were added 1.7 g/0.074 moles of m e t a l l i c  sodium. A f te r  
disappearance o f  the sodium and cessation o f  H-, evolut ion,  5.00 
g/0.033 moles o f  d r i e d  4-chloropyridine hydrochloride (A ld r ich)  
dissolved i n  30 mls o f  d r ied  methanol were added dropwise over 2 h. 
The reac t ion  mixture was then heated a t  r e f l u x  f o r  7 days. TLC 
revealed on ly  t race  amounts o f  4-chloropyridine and the 
4-methoxypyridine,(Yd.= 2.80 g/O.O26 moles, 76.9%) was iso la ted  by 
vacuum d i s t i l l a t i o n :  bp 152-154°C (=400 t o r r )  o r  41-45OC (0.7-0.8 
mm) [lit., 9596°C a t  31 nun5 o r  190.5-191.O"C (738.3 mm)']: NMR 

3450, 3050,2990, 2960, 2860, 1600, 1460, 1440, 1295, 1220, 1035, 
826. 820, 540, cm-l; Mass Spect ( m / e ) :  109. 

Preparation o f  4-phenoxypyridine' . Phenol (12.44 g/0.073 moles) 
was d isso lved i n  d r i e d  toluene under a blanket o f  anhydrous 
n i t rogen ( F i g .  5). M e t a l l i c  sodium (3.04 g/0.132 moles) was then 
slowly added t o  the  s t i r r e d  reac t ion  mixture. A f t e r  1 h 
4-chloropyridine-hydrochloride (6.61 g/0.044 moles) was slowly 
added through one s ide  neck of the three neck f l a s k .  This  caused 
formation of H, and care w a s  taken t o  contro l  the reaction. A f t e r  
add i t ion  of t h e  hydrochlor ic  ac id  s a l t ,  the react ion was heated a t  
re f lux fo r  10 days. A t  t h i s  time, TLC revealed only  t race amounts 

(CD3COCD3) 8 :  8.4-8.6 (d. 4), 6.7-6.9 (d ,  41, 3.8 ( 8 ,  1); IR (KBr): 

! 



o f  remaining reactant. Work up involved" n e u t r a l i z a t i o n  of the 
react ion mixture t o  pH-7 fo l lowed by steam d i s t i l l a t i o n  o f  the 
react ion mixture. The d i s t i l l a t e  was ext racted w i t h  l i b e r a l  
quant i t ies  o f  d i e t h y l  ether, the ethereal ex t rac ts  were d r i e d  w i t h  
Na2SO4 and the d i e t h y l  ether p a r t i a l l y  removed i n  a r o t a r y  
evaporator. Vacuum d i s t i l l a t i o n  o f  the remaining e x t r a c t  gave 3.2 
g o f  4-phenoxypyridine (35.1 % Yd.): bp 78-79 (50  u l )  [lit., 
134-136 IO), 
6.8-7.0 (m,  6); IR(neat): 3007, 3005, 2950, 2850, 2730, 2620, 2500, 
1595, 1500, 1270, 1220, 886, 760, 700, 632 cm-l; Mass Spect (m/e): 
206. 

2,6-diphenyl-4-ch I or opyr idi ne' ' 2,6-d i pheny 1 - 
4(1H)-pyridinone (12.17 g/0.049 moles) and phosphorus pentachlor ide 
(30.75 g/0.993 moles) were mixed under n i t rogen and moistened w i t h  
dry phosphorus oxychloride ( 8  mls)(F ig.  5 ) .  While heating t o  150°C 
f o r  2 h the l i q u i d  mi l ieux  progressed from a cloudy whi te  t o  c l e a r  
red appearance. The phosphorus oxychloride was then removed by 
d i s t i l l a t i o n  and the mel t  poured i n t o  c o l d  water. A f t e r  s t i r r i n g  
the  cooled suspension u n t i l  the  viscous reac t ion  mixture became a 
f loccu len t  p rec ip i ta te ,  the p r e c i p i t a t e  was co l lec ted  on a Buchler 
funnel. 10.50 g (86.3% Yd.) o f  2,6-diphenyl-4-chloropyridine was 
recrys ta l l i zed  from the  p r e c i p i t a t e  w i t h  95% ethanol: mp 83-84aC 
( l i t . ,  72)1° ; NMR (CDC13) 6: 7.9-8.2 (m,  8 ) .  7.6 ( 8 .  11, 
7.3-7.5 (m, 9) o r  NMR (CD3COCD3) 6 :  8.0-8.4 (m, 8 ) .  7.8 ( 8 ,  1). 
7.4-7.6 (m, 9); I R  (KBr): 3450, 3150, 1570, 1420, 1240, 865, 770. 
735, 690 cm-l; Mass Spect ( d e )  265, . 
Preparation o f  2,6-d iphenyl -4-a te thoxypyr id ine1@ Metal 1 i c  sodium 

(0.65 g/0.028 moles) was added s lowly  and c a r e f u l l y  t o  10 m l  o f  
d r i e d  methanol i n  a three neck react ion vessel(Fig. 5 ) .  A f t e r  
disappearance o f  the  sodium and abatement o f  Hz evo lu t ion  , the  
so lu t ion  was re f luxed f o r  1 hr. A f t e r  cool ing, 2.15 g/0.094 moles 
o f  2,6-dipheny1-4-chloropyridine dissolved i n  15 mL o f  d r i e d  
methanol was added t o  the reac t ion  vessel. The temperature was 
again raised t o  r e f l u x  o f  the reac t ion  mixture. A f t e r  6 days HPLC 
revealed t h a t  50% o f  the  2.6-diphenylpyridine was 
2.6-diphenyl-4-chloropyridine and 50% was 2,6-diphenyl-4-methoxy- 
pyr id ine.  Therefore, 0.65 g/0.028 moles i n  10 mL o f  d r i e d  methanol 
was again added t o  the react ion mixture. A f t e r  r e f l u x i n g  f o r  f o u r  
more days, the reac t ion  mixture was then poured i n t o  i c e  water and 
the aqueous s o l u t i o n  ext racted several t imes w i t h  d i e t h y l  ether. 
The ether ex t rac ts  were then combined and concentrated t o  g ive  1.63 
g/o.oo7 moles o f  impure 2,6-diphen~l-4-methyl~~ridine. 
Recrys ta l l i za t ion  was accomplished w i t h  absolute methanol g i v i n g  
1.14 g/o.O04 moles o f  2,6-diphenyl-4-methoxy~yridine (46.3 XYd.): 
mp 79-80'C ( l i t . ,  79-80°C)5; NMR (CDCL3) 6 :  8.0-8.2 ( m ,  4). 7.3-7.6 
(m,  e ) ,  7.1 ( 8 ,  11, 3.8 ( 8 ,  1) ;  IR'(KBr): 3050, 2850, 2000, 1550, 
1400, 1350, 1210. 1070, 1020, 895. 860, 835, 770, 690, 630 cm-'; 
Mass Spect (m/e)  261. 

(10 mu)"; NHR (CD3Cl) 6 :  8.2-8.4 (d, 21, 7.0-7.4 ( m ,  

Preparation o f  
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Table 1. Physical  Proper t ies of Syn the t i ca l l y  Prepared 
Precursors and Ethers 

Table 2. Physical  Propert ies of 1.5-Diphenyl-1.3.5-pentanetrione 

a-Mol es I - d i  pheny 1-1 , 3-butanedione: mole NaH: moles methyl formate 
b-Solvent no t  d r i e d  immediately before synthesis 
c-Only one c r y s t a l l i z a t i o n ,  second was usual ly  not  f r u i t f u l  
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QPhenwypyridine 

Reparaticm 

E m 1  - h i  te 137-139 79.8 
water 

Metharol hi te 79-83 46.3 

Distilled Clear 41-45 
water 

Distilled clear 7879 
water 

a 
M e  Ratio Solvent color 'Hd. m 

F-1A 13.3-1 E X E t a i  born 58.6 lo6-1ca 
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Fiq. 1 .  Synthesis o f  l,S-Diphcnyl-l,3,5-pent.nctrionc 

Fiq. 2. Hydroqcn Bondinq o f  Z , b - D i p h e r y ~ - 1 , 3 , S - p ~ n t ~ n C t r ~ o n C  
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